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ABSTRACT 


This  investigation  was  undertaken  to  illustrate  the  presence 

and  the  properties  of  aspartate  aminotransferase  in  germinating  pea 

14 

cotyledons.  Pulse  feeding  experiments  using  acetate-2-  C  showed 
that  a  large  percentage  of  the  was  incorporated  into  the  amino 
acids  and  organic  acids.  Of  the  acidic  amino  acids,  glutamate  was 
found  to  be  highly  labeled.  During  the  post-pulse  period  the 
labeling  in  aspartic  acid  was  found  to  decrease  while  that  present 
in  the  neutral  and  basic  amino  acids  increased. 

Examination  of  pea  cotyledon  extracts  for  aspartate  amino¬ 
transferase  (E .C . 2. 6. 1 . 1 . )  indicated  that  3  and  4  day  old  tissues 
contained  the  greatest  amounts  of  enzyme  activity.  Aminotransferase 
activity  was  found  in  the  cytoplasmic  and  particulate  fractions 
when  mannitol  buffered  extracts  were  centrifuged  at  10,000  x  g 
for  15  min.  In  addition,  glutamate  dehydrogenase  activity  was 
present  in  these  fractions  and  was  found  to  increased  during  ger¬ 
mination  reaching  maximal  levels  in  3  day  old  cotyledons. 

Various  treatments  including  (NH^^SO^  fractionation;  DEAE- 
cellulose,  Sephadex  G-200  and  hydroxylapatite  column  chromatography 
were  used  to  isolate  the  cytoplasmic  enzyme.  Using  these  techniques 
the  specific  enzyme  activity  was  increased  more  than  150  times. 
Fractionation  of  the  particulate  protein  by  (NH^^SO^  precipitation 
followed  by  gel  filtration  on  columns  of  Sephadex  G-200  gave 
preparations  of  the  particulate  enzyme  having  specific  enzyme 
activity  approximately  26  times  greater  than  the  starting  material. 
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Studies  of  the  general  catalytic  properties  of  these  partially 
purified  enzymes  were  carried  out  using  a  sensitive  spectrophoto- 
metric  assay.  Both  partially  purified  enzymes  had  similar  values 
for  the  four  substrates  attacked.  Data  from  kinetic  experiments 
suggested  that  both  enzymes  have  a  binary  mode  of  action.  Resolution 
studies  of  the  cytoplasmic  enzyme  indicated  that  catalytic  amounts 
of  pyridoxal  phosphate  or  pyridoxamine  phosphate  were  required  in 
the  transamination  reaction. 

The  properties  and  possible  relationships  of  these  two  amino¬ 
transferases  in  the  intermediary  metabolism  in  germination  pea 
cotyledons  are  discussed. 


ii 


ni  neiiupai  9isw  92  r,  iqaoriq  aniraBxobiixq  10  sJBiiqaorlq  I^xobii^q  lo 


.fcsaet/aeib  tiTB  B/iobsIvioa 


11 


ACKNOWLEDGEMENTS 


I  am  indebted  to  Dr.  E.  A.  Cossins  for  his  encouragement  and 
guidance  throughout  this  investigation  and  for  his  generous  help  in 
preparing  this  manuscript. 

The  present  work  was  made  possible  by  a  grant  to  Dr.  E.  A. 
Cossins  from  the  National  Research  Council  of  Canada  and  a  Graduate 
Research  Assistantship  awarded  to  the  author  by  the  University  of 
Alberta . 

I  am  grateful  to  Dr.  Mary  Spencer,  Department  of  Plant  Science, 
for  the  use  of  the  ultrasonicator  and  for  her  many  helpful  comments 
regarding  this  part  of  the  research. 

I  am  also  grateful  to  my  parents  for  their  encouragement  and 
financial  support  throughout  the  course  of  this  investigation. 

I  wish  to  thank  Mr.  Ben  Blawacky  for  his  competent  assistance 
during  the  course  of  this  work.  Finally,  I  wish  to  thank  Miss  Sandy 
Popik  and  Miss  Jean  Andruchow  for  typing  this  manuscript. 


iii 


sjfiubftTO  b  bnts  aban&D  1c  I  smjoC)  ifaz&Ski&X  U  i  i:  A  oi?  wua« ol 


taon 9xo2  JneT^  ?o  1naj.:JT  qa  .  ,  i  :3nacf2  v  ~M  .  t(I  ozJ  hn^'S'. rg  fin.  . 

.  did  >£  _>i  £  , d  rf  1  n 


.ns  jnsrers^BiuoDna  is  snl  io3  r:  inaiisr  yar  _g:i  luiaJB-v  oelo  I 

.no  t  Byi  leavr  i  sJ  h  io  a;  iuo  esh  io*jr  »  ;<  loqc-aa  .  j  aai » 


TABLE  OF  CONTENTS 


Page 

INTRODUCTION  1 

1.  Discovery  of  Transamination  Reactions  1 

2.  Importance  of  Transamination  Reactions  2 

3.  Individual  Aminotransferases  Catalyzing  Distinct 

Reactions  3 

4.  Purification  of  Aspartate  Aminotransferase  5 

5.  Multiple  Forms  of  Aspartate  Aminotransferase  7 

6.  Properties  of  Aspartate  Aminotransferase  9 

7.  Role  of  Vitamin  in  Nonenzymic  Transamination  13 

8.  Role  of  Vitamin  B^  in  Enzymic  Transamination  14 

9.  Mechanism  of  Transamination  16 

10.  The  Present  Investigation  19 

Background  19 

General  Objectives  20 

MATERIALS  AND  METHODS  20 

Chemicals  20 

Germination  of  peas  20 

Extraction  and  Partial  Purification  of  the  Cytoplasmic 

Enzyme  22 

Column  Chromatography  of  the  Cytoplasmic  Aspartate  Amino¬ 
transferase  23 

1.  DEAE-cellulose  Column  Chromatography  23 

2.  Sephadex  G-200  Column  Chromatography  23 

3.  Hydroxylapatite  Column  Chromatography  24 

Isolation  and  Purification  of  the  Particulate  Aspartate 

Aminotransferase  25 

iv 


■ 


ar oi  tOSSH  m  0,;ru.fl:3a  -vi  ’  '.o  •  >fi.I  .1 


ioni3?.i(  ii..'  Ii  -  1  a  a*x?  arv  jotr  <:./;>  ti  thi  I 


s  ,  j!tani  iJoni/a/  ali-Jis  A  o  ic:>l  •.  .1  u'  ,v 

iP.t  •  .  ;  .TiA  .1  q-A  ‘  *  .  i  J/  / 


oafixi-  tar  ax3oi:  i.naA  3  ,3*r  q  4  to  esi  taqox*? 


lolJsr  r  1  *  snail  oinr>  snsnoP!  n.  2  n i  c  txV  to  sioR  .  \ 


•TC  i  3i 1  ‘W  7fi-  T  •>  O  '  1  ■  ■ 


aaaiaiencia 


.  ‘  ;  ■  «*.  •  •  X  . 


. 


Page 

1.  Preparation  of  the  Particulate  Fraction  25 

2.  Extraction  of  Aspartate  Aminotransferase  From  the 

Particulate  Fraction  26 

3.  Purification  of  the  Particulate  Aspartate  Amino¬ 

transferase  27 

Preparation  of  the  Apotransaminase  28 

Keconstitution  of  the  Apotransaminase  29 

Assay  of  Aspartate  Aminotransferase  Activity  29 

Assay  of  Glutamate  Dehydrogenase  Activity  30 

Determination  of  Protein  31 

Feeding  Experiments  Using  Tissue  Slices  31 

Analytical  Methods  32 

Preparation  of  Ion  Exchange  Resins  32 

Fractionation  of  the  Ethanol/Water  Soluble  Fraction  33 

Paper  Chromatography  of  Amino  Acids  34 

Scintillation  Counting  35 

RESULTS  36 

Changes  in  Aspartate  Aminotransferase  Activity  During 

Germination  40 

1.  Cytoplasmic  Aspartate  Aminotransferase  40 

2.  Particulate  Aspartate  Aminotransferase  40 

Changes  in  Glutamate  Dehydrogenase  Activity  in  the  Particu¬ 
late  Fraction  During  Germination  43 

Partial  Purification  of  the  Aspartate  Aminotransferases  45 

Partial  Purification  of  the  Cytoplasmic  Enzyme  45 

1.  DEAE-cellulose  Column  Chromatography  45 

2.  Sephadex  G-200  Column  Chromatography  46 


v 


nox:  >jvi\  dJeluo/JTB^  sri:T  i o  noijiwsc  ??i 


9(jj  -or  I  si  a  isiaxjftX  Jon  inrA  si»3*A<|« oi  >f,r.i:  ii 


y.iiviJoA  slonriA  >  is^iaqaA  i o  yatiA 


>oi  jai  T  :  -'  -  •••,  :3  ;;  *  b  *9’*? 


sniesH  9gns/iDx3  nol  3o  noiiatraq3i<I 


abisA  OiiimA  io  /riq  n^o:}  -iraoxriO  isqxT 


o  ■/ '  -o3  no,:  :  -■  /■  :  :i  '  o  .. 


2TJU23S 


seaa-  .  ^nsxJonifflA  sJelifiqaA  oi.;eaIq<  :<t 


!  riq  x  i  &  o  3  f  .itto  i  d  D  rwn^IoD  seolui  Tso-3/  .IQ  .1 


Page 

3.  Hydroxylapati te  Colunrn  Chromatography  48 

Extraction  and  Partial  Purification  of  the  Particulate 

Aspartate  Aminotransferase  49 

1.  'Extraction  of  the  Particulate  Enzyme  49 

2.  . Partial  Purification  of  the  Particulate  Aspartate 

Aminotransferase  49 

Properties  of  the  Cytoplasmic  Aspartate  Aminotransferase  51 

1.  Specificity  51 

2.  Effects  of  Certain  Buffering  Systems  51 

3.  Effects  of  pH  54 

4.  Effects  of  Inhibitors  56 

5.  Effects  of  Cations  61 

6.  Michaelis  Constants  61 

7.  Double  Reciprocal  Plots  of  Initial  Reaction  Veloci¬ 
ties  as  a  Function  of  One  Substrate  Concentration  64 
at  Fixed  Concentrations  of  the  Second  Substrate 

Resolution  and  Reconstitution  of  the  Cytoplasmic  Aspartate 
Aminotransferase  69 

Properties  of  the  Particulate  Aspartate  Aminotransferase  71 

1.  "Stability  of  the  “Enzyme  73 

2.  Effects  of  pH  73 

3.  Effects  of  Inhibitors  and  Activators  73 

4.  Michaelis  Constants  76 

5.  Double  Reciprocal  Plots  of  Initial  "Reaction  Veloci¬ 

ties  as  a  Function  of  One  Substrate  Concentration 
at  Fixed  Concentrations  of  the  Second  Substrate  76 


sJB^TBqaA  oijTT3Blqo1yO  io 


98 e-. shanBilonimA  o  b  i  q  a,  d.-ft  .o<  <  .  o  <? 


aio^BviiDA  bxiB  aio?  idirlnl  to  :  ><»3  i3 

■  .  •-  i  K 

. 


Page 

Heterogeneity  of  the  Particulate  Fraction  80 

GENE  RAF  HI  SCITS  SI  ON  87 

Evidence  for  Cytoplasmic  and  Particulate 

Aspartate  Aminotransferases  87 

Metabolic  Significance  of  Aspartate  Aminotransferase  91 

REFERENCES  94 


vii 


ie 


aJBluoi.lis?  bna  oitefiiqoJyD  iol  aonsblvS 


23^3*3333 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 


37 

47 

50 

52 

53 

55 

59 

62 

63 

70 

72 

75 


LIST  OF  TABLES 


Incorporation  of  acetate-2- into  the  soluble  frac¬ 
tions  of  pea  cotyledons  (expressed  as  c.p.m.) 
Purification  of  the  cytoplasmic  aspartate  aminotrans¬ 
ferase 

The  effects  of  blending  and  sohication  on  the  enzyme 
activity  of  the  particulate  fraction 
Purification  of  the  aspartate  aminotransferase 
Specificity  of  the  cytoplasmic  aspartate  aminotrans¬ 
ferase 

Effects  of  some  buffering  systems  on  cytoplasmic  aspar¬ 
tate  aminotransferase  activity 

Effects  of  various  inhibitors  on  cytoplasmic  aspartate 
aminotransferase  activity 

Effects  of  cations  on  cytoplasmic  aspartate  amino¬ 
transferase  activity 

Michaelis  constants  for  the  substrates  of  the  cytoplas¬ 
mic  aspartate  aminotransferase 

The  effects  of  pyridoxal  phosphate  and  chemically  rela¬ 
ted  compounds  on  cytoplasmic  aspartate  aminotransferase 
activity 

Michaelis  constants  for  pyridoxamine  phosphate  and  py¬ 
ridoxal  phosphate 

Effects  of  various  inhibitors  on  particulate  aspartate 
aminotransferase  activity 


viii 


ee 


i 

•  ■  ;  ■  b  ' 

. 

' 


vtlvlioa  r  er  lonims  9isJ 

' 

*  « 

-onima  o.isJiBqaB  oimaBlqoUva  jo  ano/iso  lo 

S  i 

'  l  .  :irl  i’ftA  f  J 

-&B  qoiyo  sri  t  to  a;  tUj  j.  a  uria  tg^  a  j  •■•J  .  .Lfot.  ioiM 

as.  o  .Ilioib  srtsUTaqa*  o.  i 

-  I  ^1J  >  bf  aifcrfqaOffq  i?XO  T :  :  1  43 

. 

-  } 


Table 


Effects  of  various  cations  on  particulate  aspartate 
aminotransferase  activity 


Page 


13 


77 


14  Michaelis  constants  for  the  substrates  of  the  partic¬ 


ulate  aspartate  aminotransferase 


79 


IX 


■ 


yjj:  liOB  9eojdiBnftiionifli6 


. 


,  '  .  *  *  ‘  v’  •. 


LIST  OF  FIGURES 


Figures  Page 

1  Changes  in  the  radioactivity  of  soluble  compounds 

following  a  30  min.  pulse  feeding  with  acetate-2-^C  38 

2  Changes  in  cytoplasmic  aspartate  aminotransferase 

activity  during  germination  41 

3  Changes  in  particulate  aspartate  aminotransferase 

activity  during  germination  42 

4  Changes  in  particulate  glutamate  dehydrogenase  ac¬ 
tivity  during  germination  44 

5  Effects  of  pH  on  the  activity  of  the  cytoplasmic 

enzyme  57 

6  Effects  of  varying  keto  acid  concentrations  on  cyto¬ 
plasmic  aspartic  aminotransferase  activity  60 

7  Double  reciprocal  plot  of  initial  reaction  velocities 

versus  a -ketoglutarate  concentrations  at  two  fixed 
concentrations  of  aspartate  65 

8  Double  reciprocal  plot  of  initial  reaction  velocities 

versus  oxaloacetate  concentration  at  two  fixed  con¬ 
centrations  of  glutamate  66 

9  Double  reciprocal  plot  of  initial  reaction  velocities 

versus  aspartate  concentrations  at  two  fixed  concen¬ 
trations  of  a -ketoglutarate  67 

10  Double  reciprocal  plot  of  initial  reaction  velocities 
versus  glutamate  concentration  at  two  fixed  concen¬ 
trations  of  oxaloacetate  68 


x 


'■ 


.  Wl  !  ' 

s  as 3  ir  tit ni't  s.t siieq  &  9?  loolaiaq  ni  eagnaj1r! 

.»  v  /-  - 


os  ■  »if  b  »J sail  itiJg  at*  to  »q-  n  i  a  -ijiS  .• 

ol;Ti  -  /  i  sr'.i  to  arij  .  o  i  to 

a/nvina 


-oJvd  no  sroitftXtnoDnoo  tot.  jj>  _.n  \  .  av  'io  .*  to  t  . 

£  oiraanlq, 

3UEX9V 

dtfittfiqaa  to  snot  Jsiliroo 

.  i.,  >t  .  ,v  no.  •  I  iJi'i  to  lolq  J  »oitr.  -a*  :. I  l/  <J 

dJstdDBolBxo  to  enoUai^ 


Figures  Page 

11  Effects  of  pH  on  particulate  aspartate  aminotrans¬ 
ferase  activity  74 

12  Effects  of  varying  oxaloacetate  concentrations  on 

particulate  aspartate  aminotransferase  activity  78 

13  Double  reciprocal  plot  of  initial  reaction  velocities 

versus  ot  -ketoglutarate  concentrations  at  two  fixed 
concentrations  of  aspartate  81 

14  Double  reciprocal  plot  of  initial  reaction  velocities 

versus  oxaloacetate  concentrations  at  two  fixed  con¬ 
centrations  of  glutamate  82 

15  Double  reciprocal  plot  of  initial  reaction  velocities 

versus  glutamate  concentration  at  two  fixed  concen¬ 
trations  of  oxaloacetate  83 

16  Double  reciprocal  plot  of  initial  reaction  velocities 

versus  aspartate  concentration  at  two  fixed  concen¬ 
trations  of  a  -ketoglutarate  84 

17  Sucrose  density  agradient  pattern  of  crude  10,000  x  g 

fraction  86 


x  i 


-a.  lorxi a  aJftiieqeB  93BloaiJi£<|  n(  io  **11  '' 


■ 


9lBi93  oJa  :u  :o  -  1 


LIST  OF  ABBREVIATIONS 


CPM: 

Counts  per  minute 

Tris: 

Tris  (Hydroxymethyl)  aminomethane 

PPO: 

2 , 5-diphenyloxazole 

POPOP : 

P-bis  2- (5-phenyloxazaloyl) -benzene 

EDTA : 

Disodium  ethylene  diamine  tetra-acetic  acid 

CM-cellulose : 

Carboxylmethyl  cellulose 

DEAE- cellulose: 

Diethylaminoethyl  cellulose 

BSA : 

Bovine  Serum  Albumin 

TCA  cycle: 

Tricarboxylic  Acid  Cycle 

E  .  C .  : 

Enzyme  Commission 

NAD+: 

Oxidized  Nicotinamide-adenine  dinucleotide 

xii 


3H0ITAIV3# A  40  T2XJ 


■ 

BlnuoO 


■jnVirfd  loninu  (I>  dJdinYXOTb^H)  aW 


bios  3i39DB-B7^93  errxraB  j  b  snal^ilJa  rnuiboaic 


•  >  I\.  * 


.  - 


:  'V  o  AOT 

:.0.3 

"CAM 


. 


1 


INTRODUCTION 

1 .  Discovery  of  Transamination  Reactions 

Since  the  first  demonstration  of  enzymic  transamination  by 
Braunstein  and  Kritzmann  in  1937  using  pigeon  muscle  preparations  (1937) 
considerable  information  has  been  documented  regarding  the  nature, 
distribution  and  properties  of  aminotransferases  in  living  organisms. 
Early  work  reported  that  a-ketoglutaric  acid  and  oxaloacetic  acid  were 
capable  of  accepting  the  L-amino  groups  of  a  large  number  of  amino  acids. 
However,  subsequent  work  by  Cohen  (1949)  suggested  that  enzymic  trans¬ 
amination  was  mainly  limited  to  reactions  between  alanine,  glutamate, 
aspartate  and  their  a-keto  analogs.  This  limited  transamination  led 
biochemists  to  believe  that  these  reactions  were  of  relatively  minor 
significance  in  metabolism.  This  conclusion,  however,  left  a  number  of 
observations  concerning  the  amination  of  a-keto  acids  unexplained.  For 
example,  the  rapid  incorporation  of  ■'■^N  into  amino  acids  of  plant 
proteins  (Vickery,  Pucher,  Schoenheimer  and  Rittenberg,  1940)  and  the 
conversion  of  a-keto  acids  (other  than  pyruvate,  a -ketoglutarate , 
and  oxaloaceta te)  to  the  corresponding  amino  acids,  and  the  ability  of 
a-keto  acid  analogs  of  certain  amino  acids  to  replace  these  amino 
acids  in  supporting  the  growth  of  rats  and  microorganisms  (Meister, 

1965). 

Since  1950,  studies  have  shown  that  animals,  plants  and  bacteria 
have  in  fact  a  wide  range  of  amino  group  donors  and  amino  group  accep¬ 
tors  (Cammarata  and  Cohen,  1950;  Feldman  and  Gunsalus,  1950).  Cammarata 
and  Cohen  showed  that  twenty- two  amino  acids  in  addition  to  alanine, 
aspartate  and  glutamate  were  able  to  participate  in  transamination 
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reactions  using  aqueous  extracts  of  pig  heart,  liver  and  kidney.  Feld¬ 
man  and  Gunsalus  were  able  to  show  that  extracts  from  Escherichia  coli , 
Pseudomonas  f luorescens  and  Bacillus  sub til is  catalyzed  the  formation 
of  glutamate  from  a -ketoglutarate  using  nine  different  amino  acids  as 
amino  group  donors.  Stumpf  (1951)  using  dialyzed  extracts  of  lima  bean, 
lupine,  pumpkin,  pea  seedlings,  pumpkin  leaves  and  wheat  germ  was  able 
to  demonstrate  transmination  between  ot -ketoglutarate  and  a  number  of 
aliphatic  amino  acids.  Similarly,  using  a  soluble  and  particulate 
preparations  of  white  lupine  and  barley  seedlings,  Wilson,  King  and 
Burris  (1954)  showed  that  transamination  occurred  between  a -ketoglu¬ 
tarate  and  seventeen  different  amino  acids.  On  the  basis  of  these 
studies  transamination  reactions  may  involve  all  of  the  naturally 
occurring  amino  acids,  giving  aminotransferases  unique  and  important 
roles  in  the  intermediary  metabolism  of  animals,  plants  and  microorgan¬ 
isms  . 

2 .  Importance  of  Transamination  Reactions 

The  metabolic  importance  of  transamination  reactions  is  illus¬ 
trated  by  the  fact  that  a  large  number  of  amino  acids  readily  undergo 
transamination  with  a-ket:oglutaric  acid  resulting  in  glutamate 
formation.  Furthermore,  the  ability  of  a-keto  acids  to  replace 
the  corresponding  ot -amino  acids  to  support  growth  of  some  microor¬ 
ganisms  illustrates  the  importance  of  these  reactions  in  intermediary 
metabolism.  As  early  as  1939  it  was  realized  that  the  transamination 
of  a -ketoglutarate  by  a  number  of  amino  acids  represented  an  important 
step  in  oxidative  deamination  reactions  involving  glutamate 
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dehydrogenase  for  oxidative  deamination  (Braunstein  and  Bychkov,  1939; 
Braunstein  and  Asarkh,  1945).  Such  coupled  reactions  are  clearly 
significant  in  the  metabolism  of  amino  acids  and  provide  a  pathway 
for  the  conversion  of  a-amino  groups  to  ammonia  and  other  nitrogen 
containing  products.  The  following  scheme  emphasizes  the  key  role 
aminotransferases  can  play  in  the  biosynthesis  of  many  amino  acids. 

ammonia 

I 

glutamate 


3 .  Individual  Aminotransferases  Catalyzing  Distinct.  Reactions 

The  early  conclusion  that  transamination  reactions  were  limited 
to  alanine,  glutamate,  aspartate  and  their  corresponding  a -keto  acids 
suggested  that  the  glutamate-alanine  and  glutamate-aspartate  reactions 
were  the  major  systems  for  amino  group  transfer.  Later  work,  however, 
emphasized  the  diversity  of  transamination  reactions  and  so  suggested 
the  involvement  of  several  distinct  enzymes. 

Further  support  for  the  existence  of  separate  enzymes  came 
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from  studies  of  induction  and  repression.  When  various  amino  acids  such 
as  glutamate,  aspartate,  arginine,  valine,  leucine,  isoleucine , alanine 
and  phenylalanine  were  added  to  the  growth  medium  of  Neurospora  crassa 
Fincham  and  Boulter ,( 1956) found  that  glutamate-alanine  (L-alanine: 
2-oxoglutarate  aminotransferase  EC  2. 6. 1.2)  and  glutamate-aspartate 
(L-aspartate :  2-oxoglutarate  aminotransferase  EC  2. 6. 1.1)  trans¬ 

aminase  activities  were  not  affected.  Furthermore,  the  addition  of 
pyridoxal  phosphate  together  with  the  amino  acids  did  not  affect 
the  levels  of  these  two  enzymes.  However,  increases  were  observed  in 
the  levels  of  ornithine  transaminase  when  these  amino  acids  were 
added.  Stimulation  was  also  observed  in  the  transmination  of  a- 
ketoglutarate  with  valine,  leucine,  isoleucine,  phenylalanine,  trypto¬ 
phan  and  methionine.  The  addition  of  pyridoxal  phosphate  also 
stimulated  these  latter  reactions. 

Studies  with  young  male  rats  showed  that  the  administration 
of  anterior  pituitary  hormone  increased  the  activity  of  alanine 
aminotransferase  but  not  aspartate  aminotransferase.  However,  in 
adult  male  rats  alanine  aminotransferase  activity  decreased  while 
glutamate-aspartate  activity  remained  the  same  when  this  hormone  was 
administered.  (Beaton,  Ozawa,  Beaton  and  McHenry,  1953). 

Direct  evidence  for  the  existence  of  separate  aminotrans¬ 
ferases  is  now  available  from  studies  with  highly  purified  proteins. 
Although  many  different  transaminase  reactions  are  known,  relatively 
few  of  these  enzyme  proteins  had  been  completely  purified. 
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4 .  Purification  of  Aspartate  Aminotransferase 

One  of  the  first  aminotransferase  to  be  completely  purified 
and  studied  in  great  detail  was  the  aspartate  aminotransferase  from 
mammalian  tissues.  Although  purification  of  this  enzyme  had  been 
attempted  since  1945  (Green,  Leloir,  and  Nocito,  1945)  prepara¬ 
tions  approaching  homogeneity  were  not  achieved  until  1958  (Lis,  1958). 
According  to  Lis's  method,  fractionation  of  the  pig  heart  homogenate 
with  acetone,  CM-cellulose  column  chromatography  and  zone  electro¬ 
phoresis  yielded  an  enzyme  preparation  having  a  specific  activity  50 
fold  greater  than  the  crude  extract.  Only  one  protein  was  detected  by 
electrophoresis . 

Highly  purified  preparations  of  aspartate  aminotransferase 
have  also  been  obtained  by  Jenkins,  Yphantis  and  Sizer,  (1959). 

Again  using  pig  heart  as  the  source  of  enzyme,  they  were  able  to 
purify  the  aminotransferase  by  using  heat  treatment,  ammonium  sulphate 
fractionation,  and  hydroxylapatite  column  chromatography.  Although 
their  final  preparation  had  a  specific  activity  18.7  times  greater 
than  the  crude  extract,  ultracentrifugation,  electrophoresis  and 
spectroscopic  studies  showed  that  the  preparation  was  80-85%,  pure. 

By  modifying  the  methods  of  Lis  (1958)  and  Jenkins  et  al . 
(1959),  Polyanovskii  (1962)  obtained  a  preparation  of  the  enzyme  having 
a  purity  of  100%.  His  method  involved  heat  treatment,  ammonium 
sulphate  precipitation,  acetone  precipitation,  CM-cellulose  column 
chromatography  and  finally  zone  electrophoresis.  The  criteria  used 
to  determine  purity  were  coenzyme  content  (pyridoxal  phosphate 
content) ,  specific  enzyme  activity  and  specific  optical  density  of 
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the  characteristic  absorption  maxima  (360  my  in  weakly  alkaline 
solution,  430  my  in  weakly  acidic  solution). 

Employing  essentially  the  method  of  Jenkins  et_  al.  (1959), 

Wada  and  Morino  (1964)  crystallized  the  enzyme  from  mitochondria  and 
cytoplasmic  fractions  of  beef  liver,  beef  heart  and  pig  heart.  After 
heat  treatment,  ammonium  sulphate  fractionations  and  hydroxylapatite 
column  chromatography,  crystallization  of  the  mitochondrial  enzyme 
was  possible  using  ammonium  sulphate  in  the  presence  of  a -ketoglut- 
arate  at  pH  6.0.  The  cytoplasmic  enzyme  was  similarly  crystallized 
except  for  the  omission  of  a -ketoglutarate  and  an  increase  of  pH  to 
8.0. 

Although  transamination  reactions  in  plants  had  been  known  for 
many  years,  there  have  been  no  reports  of  homogeneous  protein  prepara¬ 
tions  containing  aspartate  aminotransferase  activity.  However, 
numerous  investigators  had  reported  the  isolation  and  partial 
purification  of  this  enzyme.  Cruickshank  and  Isherwood  (1958)  partially 
purified  this  enzyme  from  wheat  germ  by  ammonium  sulphate  precipitation. 
Using  extracts  of  Dolichos  lablab  Patwardhan  (1960)  purified  the 
aminotransferase  23  fold  after  subjecting  the  crude  extract  to  anionic 
resin,  alumina-C  y  gel,  calcium  phosphate  gel,  and  ammonium  sulphate. 
Using  a  combination  of  ammonium  sulphate  fractionation,  calcium 
phosphate  gel  treatment  and  DEAE- cellulose  column  chromatography, 

Ellis  and  Davies  (1961)  purified  the  enzyme  from  cauliflower  florets 
over  250  fold.  By  far  the  greatest  purification  for  any  plant  aspartate 
aminotransferase  was  reported  by  Fasella,  Bossa,  Turano  and  Rossi 
Fanelli  (1966).  The  enzyme  from  dormant  cotton  seeds  was  purified 
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2,700  times  by  ultracentrifugation,  DEAE-cellulose  column  chromato¬ 
graphy  and  hydroxylapatite  column  chromatography.  However,  starch 
gel  electrophoresis  showed  that  the  final  preparation  contained  8 
different  proteins,  only  3  of  which  displayed  aspartate  aminotrans¬ 
ferase  activity. 

5 .  Multiple  Forms  of  Aspartate  Aminotransferase 

Different  authors  have  used  different  terms  to  designate 
various  molecular  forms  of  an  enzyme.  However,  difficulties  in 
finding  an  acceptable  term  have  arisen  because  these  molecular  forms 
are  highly  variable  both  in  their  catalytic  and  physical  characteris¬ 
tics.  For  a  summary  of  currently  used  terms  the  reader  is  referred 
to  the  recent  article  by  Bossa  (1966).  In  the  present  work,  the 
term  isoenzyme  is  used  to  refer  to  protein  molecules  catalyzing  a 
common  reaction  but  differing  in  physico-chemical  characteristics. 

The  existence  of  multiple  forms  of  this  enzyme  was  originally 
observed  by  Green  et  al.  (1945).  These  workers  subjected  their 
preparations  to  electrophoresis  and  noted  three  distinct  bands  having 
enzyme  activity. 

With  the  development  of  ion-exchange  chromatography  for 
enzyme  purification,  Fleisher,  Potter  and  Wakim  (1960)  were  able  to 
successfully  isolate  a  cationic  and  an  anionic  form  of  the  amino¬ 
transferase  using  CM  and  DEAE-cellulose.  Electrophoretic  analysis 
on  paper  also  confirmed  the  presence  of  these  two  forms  of  the 
enzyme . 

Since  the  work  of  Fleisher  et  al.  (1960)  several  investigators 
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including  Borst  and  Peeters  (1961),  Boyd  (1961),  Hook  and  Vestling 
(1962)  have  confirmed  the  existence  of  aspartate  aminotransferase 
isoenzyme  in  numerous  mammalian  tissues.  Although  it  was  generally 
assumed  that  the  anionic  form  of  the  enzyme  is  localized  in  the  cyto¬ 
plasm  and  that  the  cationic  form  is  in  the  mitochondria,  evidence  for 
such  a  localization  was  not  conclusive  until  Boyd  reported  his  findings 
in  1961.  He  further  showed  that  activity  of  the  mitochondrial  enzyme 
could  be  increased  by  treatments  such  as  osmotic  shock,  high  speed 
blending,  sonication  and  Triton  X-100.  Studies  with  other  subcellular 
particles  showed  that  aspartate  aminotransferase  activity  were  also 
detected  in  the  nuclear  fraction,  and  in  the  microsomal  fraction. 

In  addition  to  finding  isoenzymes  in  different  subcellular 
fractions,  multiple  forms  of  the  supernatant  and  mi tochrondrial 
aspartate  aminotransferses  had  been  reported  by  Nisselbaum  and 
Bodansky  (1964,  1966);  Martinez-Carrion,  Riva,  Turano  and  Fasella 
(1965)  and  by  Martinez-Carrion,  Turano,  Chiancone ,  Bossa,  Giartosio, 
Riva  and  Fasella  (1967).  In  every  case,  these  forms  of  the  enzyme 
had  been  separated  by  starch  gel  electrophoresis. 

Questions  have  been  raised  whether  the  different  charges 
and  mobility  of  aspartate  aminotransferase  on  ionic  exchange  materials 
and  starch  gel  electrophoresis  are  biologically  determined  or  a 
reflection  of  the  isolation  procedures.  Early  attempts  to  differen¬ 
tiate  between  the  two  isoenzymes  were  based  on  criteria  such  as 
difference  in  charge,  pH  effects  and  Michaelis  constants.  Boyd  (1961) 
found  the  mitochondrial  enzyme  to  have  a  broad  pH  optimum  ranging 
from  7-9.  On  the  other  hand,  the  cytoplasmic  enzyme  displayed  a  sharp 
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optimum  at  pH  8.5.  Studies  on  the  effects  of  substrate  concentration 
showed  that  the  mitochondrial  isoenzyme  differed  from  the  cytoplasmic 
isoenzyme  in  Michaelis  constants.  In  all  tissues  examined,  canine 
heart  (Fleisher  et  al. ,  1960),  rat  liver  (Boyd,  1961),  human  heart  and 
liver  (Nisselbaum  and  Bodansky,  1964),  pig  hear,  bovine  liver  and 
heart  (Wada  and  Morino,  1964),  the  mitochondrial  isoenzyme  had  a 
greater  apparent  affinity  for  L-aspartic  acid  but  a  lower  affinity 
for  ot -ketoglutaric  acid  than  the  cytoplasmic  isoenzyme.  Immunologi¬ 
cal  studies  with  rabbit  antisera  (Nisselbaum  and  Bodansky,  1964) 
and  beef  antisera  (Wada  and  Morina,  1964)  both  showed  that  the  mito¬ 
chondrial  and  cytoplasmic  aspartate  aminotransferases  were  distinct 
proteins . 

Further  support  for  the  existence  of  two  distinct  isoenzyme 
proteins  came  from  a  comparison  of  their  chemical  characteristics 
(Martinez-Carrion  and  Tiemeier,  1967).  For  example,  differences 
were  observed  in  their  amino  acid  and  peptide  compositions  thus 
resulting  in  different  electrophoretic  mobilities.  Although  both 
isoenzymes  were  similar  in  molecular  size  and  polypeptide  chains,  they 
differed  in  their  N-terminal  amino  acids. 

6.  Properties  of  Aspartate  Aminotransferase 

Both  the  supernatant  and  the  mitochondrial  aspartate  amino¬ 
transferases  from  pig  heart  and  bovine  liver  and  heart  have  been 
highly  purified  and  crystallized  by  Wada  and  Morino  (1964).  The 
possibility  of  obtaining  homogenous  preparations  of  the  enzyme  has 
led  to  studies  of  its  physical  and  chemical  properties.  Most  of  this 
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work  has  concentrated  on  the  properties  of  the  supernatant  isoenzyme. 

In  view  of  the  difficulties  in  achieving  homogenous  preparations  from 
plant  tissues,  it  is  not  surprising  that  the  majority  of  the  known 
properties  of  this  enzyme  relate  to  studies  with  the  mammalian  enzyme. 
Sedimentation  analysis  on  the  pure  enzyme  (Jenkins,  et  al. ,  1959)  give 
sedimentation  coefficients  of  5.39  to  5.55.  Determination  of  molecular 
weight  by  the  Archibald  method  give  a  value  of  110,000  +  11,000.  On 
the  basis  of  an  817o  pure  preparation,  Jenkins  £t  al.  (1959)  calculated 
that  the  enzyme  contained  2  molecules  of  pyridoxal  phosphate  per 

molecule  of  apoenzyme.  Due  to  the  presence  of  this  coenzyme  the  enzyme 

( 

behaves  as  a  typical  pH  indicator,  changing  from  bright  yellow  at  pH 
values  below  7  to  a  colorless  form  at  pH  8.0.  At  pH  12,  the  enzyme 
turns  yellow  again  because  of  the  liberation  of  pyridoxal  phosphate 
from  the  denatured  protein. 

The  molecular  weight  of  the  plant  aminotransferase  had  not 
been  determined  due  to  difficulties  in  achieving  homogenous  prepara¬ 
tions.  For  this  reason  the  content  and  identity  of  the  coenzyme  has 
yet  to  be  determined. 

Even  with  highly  purified  preparations  of  aspartate  amino¬ 
transferase  specificity  studies  showed  that  catalysis  is  not 
restricted  to  L-aspartate,  a  -ketoglutartate ,  L-glutamate  and 
oxaloacetate  (Meister,  1965).  For  example,  the  enzyme  will  attack 
mesoxalic  acid  (replacing  oxaloacetate)  and  cysteic  acid  (replacing 
L-aspartate),  but  in  these  cases  enzyme  activity  was  much  lower  than 
with  the  true  substrates.  On  the  other  hand,  it  has  been  found  that 
the  enzyme  catalyzed  a  transamination  between  cysteinesulf inate  and 
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a -ketoglutarate  more  rapidly  than  with  L-aspartate  and  a-ketoglu- 
tarate.  In  addition,  the  enzyme  also  catalysed  a  reaction  between 
a -methylglutamate  and  oxaloacetate .  In  the  case  of  the  plant 
enzyme,  cysteate  and  cysteine  sulphinate  also  supported  transamination 
with  oxaloacetate  (Davis  and  Ellis,  1961)  but  with  a  much  lower 
affinity  than  was  shown  for  L-glutamate.  It  appears,  therefore,  that 
highly  purified  aspartate  aminotransferase  will  catalyze  transamina¬ 
tion  reactions  between  substrates  having  similar  structures  to 
aspartate,  glutamate  and  oxaloacetate. 

Studies  on  the  effect  of  pH  on  activity  of  the  mammalian  enzyme 
showed  an  optimum  at  8.5  (Jenkins  et  a_l.  ,  1959).  However,  the  optimum 
pH  for  the  plant  enzyme  range  from  7.0  -  8.5  (Davies  and  Ellis,  1961; 
Cruickshank  and  I sherwood,  1958). 

Determination  of  Michaelis  constants  for  the  mammalian  and 
plant  enzymes  have  shown  that  both  have  greater  affinity  for  the  keto 
acids  than  for  the  amino  acids.  Furthermore,  the  keto  acids  inhibit 
enzyme  activity  at  high  concentrations  (Davies  and  Ellis,  1961; 

Velick  and  Vavra,  1962). 

Some  properties  of  aspartate  aminotransferase  from  various 
sources  are  summarized  in  the  following  table. 

Highly  purified  aspartate  aminotransferase  from  pig  heart  has 
been  shown  to  contain  six  thiol  groups  per  molecule  of  protein 
(Polyanovskii ,  1962).  Titration  of  the  first  thiol  group  with  p-CMB 
did  not  affect  enzyme  activity  but  titration  of  the  next  two  groups 
resulted  in  90%  inhibition.  It  can,  therefore,  be  concluded  that 
two  of  the  six  thiol  groups  are  essential  for  activity. 
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Some  Properties  of  Cytoplasmic  Aspartate  Aminotransferases 


Property 

Bovine  liver 
and  heartl 

Pig  heart 

Cauliflower 

florets4 

Molecular  weight 

120,00 

110, OOO2 

-- 

Absorption  maxima  (my  ) 
pH  5 
pH  8 

pH  optimum 

430 

362 

4302 

3622 

8 . 52 

7. 0-8.0 

Pyridoxal  phosphate 
content  (moles/mole 

enzyme) 

2 

22 

Michaelis  constants 

Pyridoxal  phosphate 

(M) 

5  x  10'7 

3 

a  -ketoglutarate 

3.4  x  10"4 

1  x  10”4 

7.6  x  10"4 

oxaloacetate 

-  - 

-5^ 

4  x  10 

-4 

1  x  10  4 

L-aspartate 

2-2.5  x  10"3 

-43 

9  x  10 

7.5  x  10"3 

L-glutamate 

-- 

-33 

4  x  10 

3.8  x  10'2 

^Data  from  Wada  and 

Morino 

(1964). 

^Data  from  Jenkins  e_t  al.  (1959). 

^Data  from  Velick  and  Vavra  (1962). 

4Data  from  Davies  and  Ellis  (1961). 

No  such  detailed  studies  had  been  performed  with  the  plant  enzyme 
although  sulfhydryl  reagents  such  as  iodoacetate  and  p-CMB  inhibit 
enzyme  activity  (Cruickshank  and  Isherwood,  1958;  Nadkarni  and  Sohonie , 
1963) . 

An  understanding  of  the  mechanism  of  transamination  has  largely 
been  the  result  of  studies  with  nonenzymic  systems.  Early  workers 
established  that  several  multivalent  metal  ions  readily  catalyzed 
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nonenzymic  transamination  reactions,  especially  in  the  presence  of 
vitamin  (Metzler  and  Snell,  1952).  For  this  reason  the  role  of 
metals  in  enzymic  transamination  reactions  was  examined.  Happold 
and  Turner  (  1957)  reported  that  magnesium  ions  activated  sheep  heart 
aspartate  aminotransferase  by  as  much  as  100%.  Patwardhand,  (1960) 
and  Nadkarni  and  Sohonie  (1963)  found  that  plant  aspartate  amino¬ 
transferase  was  activated  by  ferrous  and  manganese  ions.  These 
findings  have  to  be  repeated  with  the  purified  enzyme.  However, 
with  the  availability  of  a  pure  mammalian  enzyme  and  methods  of 
trace  metal  analysis  Fasella,  Hammes  and  Vallee  (1962)  re-examined 
the  role  of  metals  in  enzymic  transamination.  The  metals  analyzed 
for  were  Ca,  Sr,  Mg,  Al,  Ba ,  Cr ,  Fe ,  Zu  and  Mn.  With  the  exception 
of  calcium  (0.3  mole/mole  of  coenzyme),  all  other  metals  were 
present  at  concentrations  of  less  than  0.1  mole/mole  of  coenzyme. 
Addition  of  these  metals  did  not  increase  enzyme  activity.  This 
evidence  supports  the  now  accepted  view  that  metal  ions  are  not 
involved  in  the  reaction  catalyzed  by  this  particular  enzyme. 

7.  Role  of  Vitamin  B6  in  Nonenzymic  Transamination 

There  is  now  overwhelming  evidence  to  support  the  metabolic 
role  played  by  vitamin  B^.  Evidence  for  the  existence  of  vitamin  B6 
arose  originally  from  nutritional  studies  on  rat  pellagra,  a  disease 
due  to  the  lack  of  vitamin  B^. 

The  natural  occurrence  and  commercial  availability  of  the 
aldehyde  and  amine  forms  of  this  vitamin  allowed  Snell  (1958)  to 
suggest  and  illustrate  the  involvement  of  pyridoxal  in  nonenzymic 
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transamination  reactions.  Such  reactions  were  shown  to  involve  many 
amino  acids  at  different  physiological  pH  values.  Data  from  a  model 
system  which  was  examined  for  the  ability  of  various  aldehydes  to 
undergo  transamination  contributed  much  knowledge  regarding  the 
mechanism  and  structural  requirements  for  pyridoxal  phosphate  (Snell, 
1958) .  The  role  played  by  metals  in  nonenzymic  transamination  is 
still  not  clearly  understood.  It  has  been  suggested  that  the  metal 
might  facilitate  the  formation  of  a  Schiff  base  and  contribute 
stability  to  enzyme  substrate  complexes  (Snell  and  Jenkins,  1959). 

In  enzymic  transamination  the  protein  moiety  of  the  holoenzyme  had 
been  speculated  to  play  a  role  similar  to  that  of  the  metal  in  the 
nonenzymic  reaction. 

8.  Role  of  Vitamin  B6  in  Enzymic  Transamination 

The  role  played  by  vitamin  B6  in  nonenzymic  transamination 
between  amino  acids  and  keto  acids  led  to  an  understanding  of 
enzymic  transamination.  That  the  mechanism  of  enzyme  transamination 
involved  vitamin  B6  was  proposed  by  the  work  of  Snell  (1944), 

Schlenk  and  Snell  (1945)  and  Schlenk  and  Fisher  (1945).  These  workers 
found  that  rat  tissues  deficient  in  vitamin  B6  had  lower  levels  of 
aspartate  aminotransferase  activity.  However,  if  pyridoxal  and  ATP 
were  added,  the  rate  of  transamination  was  raised  to  almost  the 
normal  level.  Streptococcus  faecalis  grown  on  a  medium  deficient  in 
vitamin  B6  failed  to  catalyze  the  reaction  between  glutamate  and 
oxaloacetate  but  would  do  so  if  pyridoxal  was  added  to  the  growth 


medium  (Lichstein,  Gunsalus  and  Umbreit,  1945). 
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Indications  that  mammalian  aspartate  aminotransferase  contained 
pyridoxal  or  pyridoxamine  phosphates  was  initially  reported  by  Schlenk 
and  Fisher  (1945).  Upon  purification  of  the  enzyme,  the  pyridoxal 
phosphate  content  increased. 

The  requirement  for  pyridoxal  phosphate  in  the  aspartate  amino¬ 
transferase  reaction  was  shown  by  O'Kane  and  Gunsalus  (1947),  who 
resolved  the  enzyme  into  protein  and  coenzyme.  Although  the  coenzyme 
was  not  identified,  restoration  of  enzyme  activity  by  pyridoxal 
phosphate  supported  the  concept  that  vitamin  B6  was  required  for 
transamination.  Further  work  by  Meister,  Sober  and  Peterson  (1954) 
showed  that  pyridoxamine  phosphate  could  also  restore  aminotransferase 
activity. 

Since  the  first  report  of  the  resolution  of  mammalian  aspartate 
aminotransferase  by  O'Kane  and  Gunsalus  (1947),  there  have  been  numerous 
reports  of  resolution  of  this  enzyme  by  various  methods  (Bank  and 
Vernon,  1961;  Wada  and  Snell,  1962;  Scardi,  Scotto,  Iaccarino  and 
Scarano ,  1963) . 

Not  until  the  late  1950 's  was  aspartate  aminotransferase  puri¬ 
fied  sufficiently  to  allow  a  quantitative  determination  of  the  pyri¬ 
doxal  phosphate  content  per  molecule  of  the  holoenzyme  (Jenkins  et  al. , 
1959).  Although  the  enzyme  from  plants  has  not  been  purified  to  such 
an  extent,  activation  with  pyridoxal  phosphate  and  inhibition  with 
isonicotinic  acid  hydrazide  suggest  that  the  plant  enzyme  is  also 
vitamin  B5  dependent.  Such  dependence  has  been  demonstrated  by  the 
work  of  Wong  and  Cossins  (1966). 
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9 .  Mechanism  of  Transamination 

Following  confirmation  that  pyridoxal  and  pyridoxamine  phos¬ 
phates  are  the  coenzymes  of  aspartate  aminotransferase  detail  studies 
of  the  mechanism  of  enzymic  transamination  were  carried  out.  Two 
principal  types  of  mechanisms  have  been  proposed.  These  are  the 
ternary  and  the  binary  mechanisms.  The  ternary  mechanism  assumes 
that  interaction  occurs  simultaneously  at  a  single  enzymic  site 
among  all  three  reactants  (viz.  amino  donor,  amino  acceptor  and 
coenzyme)  (Nisonoff  and  Barnes,  Jr.,  1952).  Evidence,  however,  did 
not  support  this  hypothesis  (Jenkins,  1963).  The  binary  mechanism 
postulates  that  the  overall  reaction  is  the  sum  of  two  separate  binary 
reactions  as  illustrated  below. 

(i)  amino  acid^  +  pip-enzyme  t-  keto  acid^  +  pmp-enzyme 

(ii)  keto  acid2  +  pmp-enzyme  «-  amino  acid2  +  pip-enzyme 

pip-enzyme  refers  to  pyridoxal  phosphate  form  of  the  enzyme; 
and,  pmp-enzyme  refers  to  pyridoxamine  phosphate  form  of  the  enzyme. 

In  principle  these  two  binary  reactions  could  be  catalyzed 
by  2  distinct  enzymes,  one  specific  for  amino  acidi  and  pyridoxal 
phosphate  and  the  other  specific  for  keto  acid2  and  pyridoxamine 
phosphate.  However,  there  is  no  experimental  evidence  to  support 
the  existence  of  two  enzymes.  For  example,  Meister  et  al.,  (1954) 
found  that  binding  of  pyridoxal  phosphate  to  the  apoenzyme  was  very 
slow,  binding  of  pyridoxamine  phosphate  was  even  slower  and  prolonged 
dialysis  of  the  holoenzyme  did  not  remove  the  coenzyme.  Furthermore, 
there  have  been  no  reports  in  the  literature  of  the  isolation  of  two 
distinct  enzymes  required  to  catalyze  these  two  half  reactions. 
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A  more  acceptable  hypothesis  is  that  the  mechanism  involves  the 
sum  of  the  2  binary  reactions  but  catalyzed  by  one  protein.  The 
enzyme  oscillates  between  the  pyridoxal  phosphate  and  the  pyridoxa- 
mine  phosphate  forms.  The  substrates  are  bound  and  the  products  are 
released  one  at  a  time  in  sequence.  Cleland  (1963)  referred  to  this 
as  the  Ping  Pong  Bi  Bi  mechanism.  A  diagramatic  representation  of 
this  mechanism  is  illustrated  below. 


'pmp 


Eplp 


pmp 


S  refers  to  substrate  and  P  refers  to  product; 

Eplp  an<^  Epmp  reEer  to  pyridoxal  phosphate  and  pyridoxamine 
phosphate  forms  of  the  enzyme  ,  respectively. 

Much  evidence  had  been  gathered  to  support  this  hypothesis. 

Experimental  evidence  from  spectrophotometric  studies  showed 
that  at  pH  8.5,  the  enzyme  exhibited  maximum  absorbancy  at  360-362  my. 
On  complexing  with  its  substrate  (L-aspartate  or  L-glutamate)  this 
maximum  absorbancy  shifted  to  335  my  which  is  characteristic  of 
free  and  enzyme-bound  pyridoxamine  phosphate.  Pyridoxamine  phosphate 
was  then  identified  after  liberation  from  the  denatured  enzyme.  (Lis, 
Fasella ,  Tura.no  and  Vecchini,  1960).  If  the  pyridoxamine  enzyme  was 
mixed  with  oxaloacetate  or  a-ketoglutarate  the  maximum  absorbancy  at 


335  my  shifted  back  to  360  my  ,  characteristic  of  the  pyridoxal 


form.  At  pH  5.0  the  pyridoxal  enzyme  was  yellow  having  a  maximum 
absorbancy  at  430  my  .  But  at  pH  8.4  the  absorbancy  at  430  my  was 
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lost,  being  replaced  by  maximum  absorbancy  at  360-362  my  .  Absorbancy 
at  430  my  was  due  to  a  complex  between  a -ketoglutarate  and  enzyme 
(Jenkins  et  al . ,  1959).  Other  nonsubstrate  dicarboxylic  acids  such 
as  glutarate,  adipate  and  malate  also  formed  this  complex  with  the 
enzyme.  These  findings  are  interpreted  as  showing  that  the  aldehyde 
group  of  pyridoxal  phosphate  is  linked  to  protein  through  the  amino 
group  of  lysine  to  form  a  Schiff  base.  That  this  is  the  case  was  con¬ 
firmed  by  borohydride  reduction  and  chymotrypsin  digest  (Hughes, 

Jenkins  and  Fischer,  1962). 

Equilibria  studies  between  enzyme,  coenzyme,  substrates  and 
inhibitors  showed  that  two  half-reactions  occur  between  the  non- 
dissociable  enzyme-bound  coenzyme  and  substrates.  The  four  substrates 
are  mutually  competitive  and  therefore  occupy  a  single  site  on  the 
enzyme  in  sequence.  Equilibria  constants  for  the  overall  and  the  half¬ 
reactions  and  the  dissociation  constants  for  enzyme- substrate  complexes 
showed  that  the  association  reaction  between  the  enzyme  and  substrates 
was  not  rate- limiting .  The  rate- limiting  steps  are  intramolecular 
transformations  involving  the  reversible  isomerization  of  the  pyridoxal 
phosphate  enzyme-aspartate  complex  into  the  pyridoxamine  phosphate 
enzyme-oxaloacetate  complex  (Velick  and  Vavra,  1962).  Such  reversible 
transformations  are  supported  by  data  from  studies  of  exchange  trans¬ 
amination  (Jenkins  et  al.,  1959;  Jenkins  and  Taylor,  1965). 

Although  spectrophotometric  studies  with  the  plant  enzyme  have 
not  been  possible  due  to  impurities,  kinetic  data  support  the  conten¬ 
tion  that  plant  aminotransferases  catalyze  transamination  reactions 
by  a  binary  mechanism  (Davies  and  Ellis,  1961). 
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10 .  The  Present  Investigation 
Background 

Experiments  with  pea  cotyledons  have  indicated  that  during  the 
early  stages  of  germination  there  are  marked  changes  in  the  concen¬ 
trations  of  certain  amino  acids  (Lawrence  and  Grant,  1963;  Larson  and 
Beevers,  1965).  During  the  first  day  of  germination  glutamic  acid  and 
glutamine  increase  markedly  while  the  levels  of  aspartic  acid  decline. 
However,  by  the  third  day  large  increases  in  the  amounts  of  glutamine 
and  homoserine  occur.  Such  changes  are  clearly  indicative  of  amino 
acid  synthesis  and  metabolism  during  the  earliest  stages  of  seedling 
development . 

Studies  of  ethanol,  acetaldehyde  and  acetate  metabolism  in  pea 

cotyledons  (Cameron  and  Cossins,  1967)  indicated  that  at  early  stages 

of  germination,  the  TCA  cycle  is  highly  active.  During  short  feeding 

experiments  the  organic  acids  were  rapidly  labeled  followed  by  gluta- 

14 

mate.  As  the  amount  of  C  labeling  in  the  organic  acids  decreased 
there  was  a  concomitant  increase  in  the  labeling  of  glutamate,  thus 
indicating  that  this  amino  acid  was  labeled  at  the  expense  of  the 
organic  acids.  Such  data  implies  that  glutamate  must  have  arisen  from 
a-ketoglutarate.  In  experiments  with  ^C- carbonate ,  a  rapid  turnover 
in  the  labeling  of  aspartic  acid  while  the  glutamate  pool  was  increasing 
in  radioactivity  indicates  that  aspartate  was  utilized  for  the  produc¬ 
tion  of  oxaloacetate  and  glutamate.  For  such  conversions  to  occur, 
aspartate  aminotransferase  must  be  active  in  the  tissue. 
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General  Objectives 

In  order  to  examine  the  biosynthesis  of  glutamic  and  aspartic 
acids  in  more  detail  experiments  in  which  acetate- 2- was  pulse 
fed  were  conducted.  Due  to  the  importance  of  aspartate  aminotransfer¬ 
ase  in  the  biosynthesis  of  glutamic  and  aspartic  acids  this  enzyme 
was  studied  in  detail.  It  was  hoped  that  these  studies  would  elucidate 
the  nature  and  importance  of  this  enzyme  in  intermediary  metabolism. 
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MATERIALS  AND  METHODS 


Chemicals 

All  chemicals  used  in  this  investigation  were  obtained  from 
Nutritional  Biochemical  Corporation,  Cleveland,  Ohio,  and  from 
Fisher  Scientific  Company,  Edmonton,  except  where  specified  other¬ 
wise  . 


Ammonium  sulphate,  special  enzyme  grade  was  purchased  from 
Mann  Research  Laboratory  Inc. ,  New  York.  Sephadex  was  purchased 
from  Pharmacia,  Canada  Ltd.,  Montreal.  POPOP  and  PPO  were  purchased 
from  Nuclear-Chicago ,  Des  Plaines,  Illinois.  a  -ketoglutarate-5- 
^C  was  purchased  from  Atomic  Energy  of  Canada  Limited,  Ottawa. 

Dowex  anion  and  cation  resins  (analytical  grade)  were  purchased  from 
Bio.  Rad  Laboratories,  Richmond,  California.  Hydroxylapatite  was 
prepared  according  to  the  method  of  Tiselius,  Hjerten  and  Levin 
(1956). 

All  reagents  used  were  of  the  highest  analytical  grade 
available.  Solutions  were,  in  all  cases,  prepared  with  glass- 
redistilled  demineralized  water. 


Germination  of  Peas 

Seeds  of  Pi sum  sativum  L.  C.V.  'Homesteader'  were  purchased 
from  Steel  Robertson  Ltd. ,  Edmonton.  They  were  soaked  in  distilled 
water  for  24  hours  at  room  temperature.  The  seeds  were  quickly 
rinsed  in  0.1%  HgCl2  and  then  germinated  in  moist  vermiculite  at 
28°C  for  periods  up  to  5  days  in  darkness.  Under  these  conditions 
the  approximate  state  of  germination  on  each  day  can  be  described 


as  follows: 
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1  day  old  -  radicles  completely  enclosed  by  the  testas,  seeds 

fully  imbibed. 

2  day  old  -  radicles  beginning  to  emerge. 

3  day  old  -  radicles  now  3  -  4  cm  long. 

4  day  old  -  radicles  now  5  -  6  cm  long,  epicotyls  approxi¬ 

mately  2  cm  long. 

5  day  old  -  radicles  now  7  -  8  cm  long,  epicotyls  3  -  4  cm 

long. 

Extraction  and  Partial  Purification  of  the  Cytoplasmic  Enzyme 

All  procedures  were  carried  out  at  4°C.  For  extraction  of 
aspartate  aminotransferase,  the  testas  of  the  3  day  old  peas  were 
removed  and  the  cotyledons  (250  gm)  ground  with  500  ml  of  0.05  M 
Tris-HCl  (pH  7.8)  in  a  Waring  Blendor  for  1  min.  at  full  speed. 

The  homogenate  was  passed  through  6  layers  of  cheese  cloth  and  the 
resulting  extract  was  then  centrifuged  at  10,000  x  g  for  20  min. 

The  supernatant  was  brought  to  40%  of  saturation  by  addition  of 
saturated  (NH^^SO^  solution.  After  centrifugation  at  10,000  x  g 
for  20  minutes  to  remove  precipitated  protein,  the  supernatant  was 
brought  to  60%  of  saturation  by  further  addition  of  saturated  (NH^>2 
SO4  solution.  After  20  min.  the  precipitate  was  removed  by 
centrifugation  as  before.  When  DEAE-cellulose  column  chromato¬ 
graphy  was  employed,  this  precipitate  was  dissolved  in  50  -  75  ml 
of  0.005  M  Tris-HCl  (pH  7.8)  and  dialyzed  against  the  same  buffer 
for  15  hours.  For  hydroxylapatite  column  chromatography  this  40  - 
60%  (NH4)2S04  fraction  was  dissolved  in  50  ml  of  a  0.05  M  Tris-HCl 
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containing  0.001  M  a -ketoglutarate  at  pH  7.8. 

Column  Chromatography  of  the  Cytoplasmic  Aspartate  Aminotransferase 

1.  DEAE-cellulose  Column  Chromatography 

A  suspension  of  DEAE-cellulose  in  0.005  M  Tris-HCl  (pH  7.7) 
was  packed  by  gravity  in  a  glass  column  of  2.8  cm  diameter  to  a 
height  of  50  cm.  The  column  was  then  equilibrated  at  room  tempera¬ 
ture  by  washing  with  the  same  buffer  until  the  pH  remained  constant. 

A  sample  of  the  dialyzed  enzyme  preparation  containing 
approximately  300  mg  of  protein  was  then  applied  to  the  column. 

After  the  enzyme  protein  had  been  adsorbed,  the  column  was  washed 
with  400  ml  of  0.005  M  Tris-HCl  (pH  7.8).  Following  this  washing 
the  column  was  eluted  using  a  gradient  produced  by  having  200  ml  of 
0.005  M  Tris-HCl  in  the  mixing  vessel  and  0.2  M  Tris-HCl  in  the 
reservoir,  both  at  pH  7.8.  Fractions  of  5  ml  were  collected  every 
2.5  min.  using  a  refrigerated  Buchler  fraction  collector  equipped 
with  a  circulating  pump.  Assay  of  enzyme  activity  showed  that 
fractions  158  -  167  contained  approximately  90%  activity  recovered. 
These  fractions  were  then  pooled  for  kinetic  studies  and  for  isola¬ 
tion  of  the  apoenzyme.  For  further  purification  using  columns  of 
Sephadex  G-200,  the  six  fractions  containing  the  highest  enzyme 
acitivity  were  pooled,  dialyzed  in  glass-redistilled  demineralized 
water,  and  lyophilized.  The  dried  enzyme  protein  was  then  redissolved 
in  approximately  10  ml  of  glass-redistilled  demineralized  water. 

2.  Sephadex  G-200  Column  Chromatography 

Sephadex  G-200  from  the  supplier  was  soaked  in  distilled  water 
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at  room  temperature  for  3  days  with  occasional  stirring.  After 
removal  of  the  fine  material,  the  gel  was  packed  by  gravity 
into  a  column  to  give  a  bed  of  2.8  x  50  cm.  The  Sephadex  was 
then  washed  with  0.005  M  Tris-HCl  buffer  (pH  7.7)  until  the  pH 
remained  constant. 

Three  millilitres  of  the  enzyme  from  the  above  step, 
containing  approximately  85  mg  of  protein  were  applied  very  care¬ 
fully  to  the  top  of  the  column  using  a  Pasteur  pipette.  The 
enzyme  solution  was  allowed  to  sink  into  the  bed  before  commencing 

the  elution  with  0.005  M  Tris-HCl  buffer  at  pH  7.8.  Three  milli- 

o 

litre  fractions  were  collected  at  4  C  every  9  min.  Enzyme  assay 
showed  that  the  activity  was  located  from  fractions  51  -  64. 

3.  Hydroxylapatite  Column  Chromatography 

The  hydroxylapitite  was  prepared  according  to  the  method 
of  Tiselius,  et  al . , ( 1956) .  The  material  was  aged  in  0.001  M 
NaH2P04  (pH  6.0)  at  4°C  for  at  least  one  month  before  use. 

A  sample  of  the  40  -  60%  saturated  (NH^^SO^  fraction 
dissolved  in  0.05  M  Tris-0.001  M  ot  -ketoglutarate  solution  (pH  7.8) 
was  carefully  immersed  in  a  boiling  water  bath  and  the  temperature 
of  the  protein  solution  allowed  to  rise  to  60  C.  The  solution  was 
then  quickly  cooled  in  ice.  After  centrifugation  at  10,000  x  g 
for  20  min.  the  clear  supernatant  containing  the  enzyme  was  dialyzed 
in  0.005  M  Tris-HCl  buffer  (pH  7.8)  for  15  hours. 

A  sample  of  this  dialyzed  extract,  containing  approximately 
250  mg  of  protein,  was  then  applied  to  a  2  x  20  cm  column  of 
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hydroxylapatite  previously  equilibrated  with  0.005  M  Tris-HCl,  pH 
7.8.  The  enzyme  was  readily  washed  from  the  column  with  200  ml  of 
0.005  M  Tris-HCl  buffer,  also  at  pH  7.8.  The  effluent  was 
collected  at  4°C  in  3  ml  fractions  at  a  flow  rate  of  0.2  ml/min. 

Each  fraction  was  assayed  for  enzyme  activity  and  their  optical 
densities  determined  at  280  m y  .  It  was  found  that  fractions  39  - 
44  contained  all  of  the  enzyme  activity. 

In  another  experiment,  a  column  of  hydroxylapatite  2.8  x  50 
cm  was  equilibrated  with  0.005  M  Na2HP04  at  pH  7.8.  A  sample  of 
the  40  -  557o  saturated  (NH^^SO^  fraction  containing  approximately 
800  mg  of  protein  which  had  been  previously  dialyzed  against  0.005  M 
Na2HP0^  (pH  7.8)  was  applied  to  the  column.  The  enzyme  was  still 
adsorbed  by  the  column  after  washing  with  300  ml  of  0.005  M  Na2HP04. 
Enzyme  activity  was  subsequently  eluted  from  the  column  using  a 
gradient  produced  by  placing  200  ml  of  0.005  M  Na2HP0^  in  the 
mixing  vessel  and  0.2  M  Na2HP0^  in  the  reservoir,  both  at  pH  7.8. 
Each  fraction  of  3  ml  was  collected  at  4°C  every  6  min.  The  whole 
process  took  approximately  20  hours.  The  fractions  collected  were 
assayed  for  enzyme  activity  and  their  optical  densities  determined 
at  280  my  .  It  was  found  that  fractions  230  -  236  contained  most 
of  the  enzyme  activity. 

Isolation  and  Purification  of  the  Particulate  Aspartate  Aminotrans¬ 

ferase 

1.  Preparation  of  the  Particulate  Fraction 


The  particulate  fraction  from  pea  cotyledons  was  prepared 
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using  a  slight  modification  of  the  method  described  by  Ikuma  and  Bonner 
(1967).  Three  hundred  grams  of  3  day  old  pea  cotyledons  were  ground  at 
4°C  in  a  handmill  with  600  ml  of  a  grinding  medium  consisting  of  0.3  M 
mannitol,  0.17,  bovine  serum  albumin  (BSA)  ,  0.057,  cysteine,  and  0.001  M 
EDTA  (pH  7.2).  The  homogenate  was  further  ground  by  hand  in  a  cold 
mortor  and  pestle  for  30  seconds.  After  passing  the  crude  homogenate 
through  6  layers  of  cheesecloth,  the  extract  was  centrifuged  at  1500  x 
g  for  15  min.  The  supernatant  was  then  further  centrifuged  at  10,000 
x  g  for  15  min.  Enzyme  activity  in  the  supernatant  is  designated  as 
'cytoplasmic'.  The  pellets  from  this  centrifugation  were  washed  in  a 
medium  consisting  of  0.3  M  mannitol,  0.17>  BSA  and  0.001  M  EDTA  (pH  7.2). 
After  a  further  centrifugation  at  10,000  x  g  for  15  min.  the  pellets 
were  again  washed  in  the  same  medium  and  centrifuged  as  before.  The 
pellets  were  then  suspended  either  in  the  wash  medium  or  in  0.05  M 
Tris-HCl  buffer  (pH  7.8).  The  whole  isolation  process  was  carried  out 
at  4°C . 

2.  Extraction  of  Aspartate  Aminotransferase  From  the  Particulate 
Fraction 

Various  methods  were  used  in  an  attempt  to  release  the  aspar¬ 
tate  aminotransferase  from  the  particulate  fraction.  The  10,000  x 
g  fraction  suspended  in  0.05  M  Tris-HCl  buffer  was  subjected  to  high 
speed  blending  either  in  a  Waring  Blendor  or  in  a  Virtis  homogenizer 
for  2-5  min.  at  4°C.  Other  preparations  in  the  same  buffer  were 
subjected  to  ultrasonic  distintegration  using  a  Raytheon  Sonic 
Oscillator,  Model  DF-101,  operated  at  0.96  amperes  for  4  min. 
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For  osmotic  shock  treatment  the  pellets  were  suspended  in 
0.005  M  Tris-HCl  (pH  7.8).  Such  suspensions  were  left  in  the  cold 
for  15  hr.  before  assaying  for  enzyme  activity.  Further  attempts 
to  release  the  enzyme  involved  treatment  with  sodium  deoxycholate 
solution.  The  twice-washed  pellets  were  suspended  in  a  0.05  M  Tris- 
HCl  solution  containing  1%  sodium  deoxycholate  at  pH  8.0.  After 
stirring  in  the  cold  for  30  min.  the  suspension  was  centrifuged  at 
30,000  x  g  for  20  min.  The  supernatant  was  then  assayed  for  amino¬ 
transferase  activity  and  subsequently  subjected  to  further  purifi¬ 
cation  procedures. 

3.  Purification  of  the  Particulate  Aspartate  Aminotransferase 

Since  deoxycholate  appears  to  be  the  most  effective  treat¬ 
ment,  it  was  routinely  included  to  solubilize  the  enzyme  before 
further  purification.  To  the  deoxycholate  treated  supernatant,  cold 
saturated  (NH^^SO^  solution  was  added  until  40%  saturation  was 
reached.  After  standing  for  20  min.  the  suspension  was  centrifuged 
at  30,000  x  g  for  20  min.  The  supernatant  was  again  treated  with 
saturated  (NH^^SO^  solution  until  60%  saturation  was  reached.  This 
suspension  was  left  standing  in  the  cold  overnight  (15  hr.)  to  allow 
complete  precipitation.  This  protein,  having  been  collected  after 
20  min.  of  centrifugation  at  30,000  x  g  was  dissolved  in  a  small 
volume  (15  ml)  of  0.05  M  Tris-HCl  buffer  (pH  7.8). 

The  40  -  60%  saturated  (NH4)2S04  fraction  was  subjected  to 
Sephadex  G-50  column  chromatography  in  an  attempt  to  remove  excess 
(NH4) 2SO4.  To  a  Sephadex  G-50  column  (35  x  1.5  cm)  previously 
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equilibrated  with  0.05  M  Tris-acetate  buffer  (pH  6.0)  5  ml  of  the 
sample  containing  approximately  16  mg  of  protein,  was  carefully 
applied.  After  the  enzyme  solution  had  settled  into  the  gel  bed  the 
column  was  eluted  with  the  same  buffer  at  a  rate  of  1  ml/min. 

Fractions  of  1 . 6  ml  were  collected  at  4°C  each  being  assayed  for 
enzyme  activity  and  protein  content. 

For  partial  purification  the  particulate  enzyme  was  treated 
with  Sephadex  G-200.  To  a  2.8  x  50  cm  Sephadex  G-200  column  pre¬ 
viously  equilibrated  with  0.05  M  Tris-HCl  buffer  (pH  7.8),  12  ml  of 
the  40  -  607>  (NH4)2S04  fraction,  containing  approximately  24  mg 
protein,  were  carefully  added  to  the  gel  bed  by  a  Pasteur  piphtte. 

The  protein  solution  was  allowed  to  sink  into  the  gel  bed  before  the 
column  was  eluted  with  0.05  M  Tris-HCl  buffer  (pH  7.8).  Fractions 
of  3  ml  were  collected  at  4°C  using  a  flow  rate  of  0.8  ml/min. 

Enzyme  activity  was  found  in  fractions  45  -  58. 

Preparation  of  the  Apotransaminase 

The  apoenzyme  of  aspartate  aminotransferase  was  routinely 
prepared  from  the  holoenzyme  preparations  purified  on  DEAE-cellulose 
columns  according  to  a  modification  of  the  method  described  by  Banks 
and  Vernon  (1961).  A  solution  of  the  holoenzyme  in  Tris-HCl  (pH  7.8) 
containing  approximately  38  mg  of  protein  was  precipitated  by  addition 
of  saturated  solution  of  (NH4)2S04  to  give  807,  of  saturation.  The 
protein  collected  after  centrifugation  at  10,000  x  g  for  20  min. 
was  redissolved  in  10  ml  of  1.0  M  K2HP04,  pH  6.0.  After  heating  the 
enzyme  solution  at  60°C  for  30  minutes  it  was  rapidly  cooled  in  an 
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ice  bath.  After  sedimenting  the  denatured  protein  by  centrifugation 
at  10,000  x  g  for  20  min.  the  clear  supernatant  containing  the 
apoenzyme  was  dialyzed  against  water  at  4°C  for  15  hr.  or  longer. 

Reconstitution  of  the  Apotransaminase 

A  sample  of  the  apotransaminase  (approximately  0.14  mg  of 
protein)  was  incubated  with  pyridoxal  phosphate  or  pyridoxamine 
phosphate  and  100  y moles  of  Tris-HCl  buffer  (pH  8.0)  at  37°C  for 
periods  up  to  50  min.  After  these  incubation  periods,  20  y  moles  of 
L-aspartate  were  added.  After  a  further  incubation  (5  min.  at  37°C) , 

10  y moles  of  a  -ketoglutarate  were  added  to  initiate  the  reaction. 

In  another  series  of  experiments  a  solution  of  the  apoenzyme 
containing  1.4  mg  of  protein  and  300  mg  of  pyridoxal  phosphate, 
pyridoxamine  phosphate,  pyridoxal-HCl ,  pyridoxamine-HCl  and  pyridoxine 
phosphate,  respectively, in  a  total  volume  of  8  ml  of  0.005  M  Tris- 
HCl  (pH  7.8)  was  incubated  at  37°C  for  30  min.  Each  of  these 
mixtures  was  then  dialyzed  thoroughly  for  40  hr.  with  5  changes  of 
water.  After  dialysis  each  mixture  was  assayed  for  aspartate 
aminotransferase  activity  without  further  addition  of  vitamin 
derivatives . 

Assay  of  Aspartate  Aminotransferase  Activity 

A  slightly  modified  method  of  Jenkins  e_t  a_l.  ,  (1959)  for  the 
standard  assay  of  cytoplasmic  aspartate  aminotransferase  activity  was 
used  in  the  present  investigations.  This  assay  involved  incubation 
of  the  enzyme  with  20  y moles  of  L-aspartate  and  100  y moles  of  Tris- 
HCl  (pH  8.0)  at  37°C  for  5  min.  After  this  incubation  period, 
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10  ymoles  of  ot  -ketoglutarate  were  added  to  initiate  the  reaction. 
The  final  pH  was  8.0  and  the  final  volume  was  3  ml. 

For  particulate  aspartate  aminotransferase  activity,  the 
enzyme  was  incubated  with  40  y moles  of  L-aspartate  and  100  ymoles 
of  Tris-HCl  (pH  8.0)  at  37°C  for  10  min.  After  this  incubation 
period,  10  ymoles  of  a -ketoglutarate  were  added  to  initiate  the 
reaction.  The  final  pH  was  8.0  and  the  final  volume  was  3  ml. 

In  both  cases  reaction  was  followed  spectrophotometrically 
(Green,  et  al.,  1945)  using  Beckman  recording  spectrophotometers 
(Models  DB  and  DB-G)  equipped  with  potentiome trie  recorders.  The 
reference  cuvette  contained  all  of  the  reactants  with  the  exception 
of  a  -ketoglutarate  which  was  replaced  by  distilled  water.  The 
changes  in  optical  density  at  280  my  were  followed  continuously 
and  expressed  as  ymoles  of  oxaloacetate  reference  to  a  standard 
curve.  One  unit  of  enzyme  activity  is  defined  as  the  amount  of 
enzyme  which  will  produce  or  consume  1  ymole  of  OAA/min.  at  37°C. 
Specific  enzyme  activity  is  expressed  as  units  of  enzyme  activity/ 
mg  protein. 

Assay  of  Glutamate  Dehydrogenase  Activity 

Glutamate  dehydrogenase  activity  was  assayed  by  a  modifica¬ 
tion  of  the  method  described  by  Strecker  (1955).  The  crude  extract 
was  incubated  with  100  ymoles  of  K2HPO4,  (pH  8.0)  and  30  ymoles  of 
L-glutamate  at  37°C  for  10  min.  After  the  incubation  period,  7.5 
ymoles  of  NAD+  were  added  to  initiate  the  reaction.  The  reference 
cuvette  contained  all  of  the  components  with  the  exception  of  NAD 
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which  was  replaced  by  distilled  water.  The  final  volume  was  3  ml 
and  the  final  pH  was  8.0. 

Replicate  enzyme  assays  were  carried  out  in  all  investiga¬ 
tions  and  the  data  presented  in  the  text  are  the  average  of  duplicate 
determinations . 

Determination  of  Protein 

Protein  was  routinely  determined  by  the  colorimetric  method 
of  Lowry,  Rosebrough,  Farr  and  Randall  (1951).  Reference  curves 
were  constructed  using  crystalline  egg  albumin. 

Feeding  Experiments  Using  Tissue  Slices 

All  experiments  with  tissue  slices  were  carried  out  in 
duplicate,  the  results  presented  being  the  average  of  such  experi¬ 
ments. 

After  removal  of  the  testas,  3  day  old  pea  cotyledons  were 

carefully  sliced  (0.3  mm  thickness)  using  a  sharp  razor  blade.  The 

slices  were  then  washed  several  times  in  distilled  water  at  room 

temperature  followed  by  blotting  dry  with  paper  towels.  For  pulse 

feeding  experiments  1  gm  samples  of  the  slices  were  placed  in  Warburg 

flasks  containing  a  solution  of  1  ml  of  0.1  M  Na  H2PO4  (pH  5.5)  and 

14 

2.5  yc  (0.5  y mole)  of  sodium  acetate-2-  C.  A  small  piece  of 
filter  paper  containing  20%  K0H  was  placed  in  the  center  well  to 
absorb  C02  evolved  during  the  experimental  period.  The  tissues  were 
incubated  for  30  min.  after  which  they  were  transferred  to  a 
sintered  glass  funnel  and  washed  thoroughly  with  distilled  water. 

The  washed  tissue  was  then  quickly  transferred  to  another  Warburg 
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flask  containing  1  ml  of  0.1  M  NaH2P04  (pH  5.5).  The  center  well 
again  contained  a  piece  of  filter  paper  with  20%  KOH.  This  washing 
and  transferring  process  was  accomplished  in  less  than  5  min. 

Samples  of  the  tissues  were  removed  at  various  intervals  and  killed 
in  boiling  80%>  ethanol  for  3  min.  The  filter  papers  were  counted 
directly  for  radioactivity  in  a  polyether  counting  fluor  system  as 
described  in  the  appropriate  section. 

Analytical  Methods 

After  boiling  in  80%,  ethanol  the  tissues  were  ground  thorou¬ 
ghly  in  a  glass  hand  grinder.  The  resulting  suspension  was  then 
centrifuged  at  1,000  x  g  for  20  min.  and  the  supernatant  collected. 

The  insoluble  residue  from  this  centrifugation  was  successively 
washed  with  20  ml  of  50%,  ethanol  and  20  ml  of  distilled  water.  The 
supernatants  were  combined  and  then  evaporated  to  dryness  under 
reduced  pressure  at  40°C  in  a  Buchler  flask  evaporator.  The  dried 
sample  was  washed  with  10  ml  of  diethylether  and  this  ether  solution 
was  in  turn  washed  with  three  10  ml  portions  of  distilled  water. 
Substances  soluble  in  the  ether  solution  are  referred  to  as  the  lipid 
fraction.  The  ethanol/water  soluble  materials  were  further  fraction¬ 
ated  using  ion  exchange  chromatography  (Canvin  and  Beevers,  1961). 

Preparation  of  Ion  Exchange  Resins 

Glass  columns  (1.5  cm  in  diameter)  were  filled  with  an  aqueous 
slurry  of  cation  exchange  resin  in  the  hydrogen  form  (Dowex  Ag  50 
W-X8,  200-400  mesh)  to  a  depth  of  4  cm.  The  columns  were  washed  with 
distilled  water  until  the  pH  of  the  effluent  remained  constant  at  5.5. 
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The  anion  exchange  resins  in  the  chloride  form  was  converted 
to  the  formate  and  acetate  forms  before  use.  This  was  achieved  by 
passing  1  M  solutions  of  sodium  formate  or  sodium  acetate  through 
the  resin  until  the  effluent  no  longer  contained  chloride  ions.  The 
resin  was  then  washed  with  50  ml  of  0.1  N  formic  or  acetic  acid, 
followed  by  distilled  water  until  the  effluent  had  a  constant  pH 
value  of  5.5.  Columns  (1.5  x  4  cm)  of  these  resins  were  routinely 
used  in  fractionation  of  the  labeled  extracts  as  described  below. 

Fractionation  of  the  Ethanol/Water  Soluble  Fraction 

The  ethanol /water  soluble  materials  in  10  ml  (see  above)  were 
carefully  applied  to  a  column  of  cation  exchange  resin  in  the  hydro¬ 
gen  form.  Uncharged  and  negatively  charged  compounds  were  washed 
from  the  column  in  50  ml  of  distilled  water.  Positively  charged 
compounds  such  as  amino  acids,  were  subsequently  eluted  from  the 
column  using  50  ml  of  a  4N  NH^OH  solution. 

Further  separation  of  various  fractions  was  achieved  using 
anionic  resins  either  in  the  formate  or  in  the  acetate  form.  The 
effluent  from  the  hydrogen  column  (negatively  charged  and  neutral 
compounds)  which  has  been  concentrated  to  5  ml  under  reduced  pressure, 
was  applied  to  a  column  of  anion  exchange  resin  in  the  formate  form. 
Neutral  compounds  were  washed  from  the  column  with  50  ml  of  distilled 
water.  Negatively  charged  compounds,  mainly  organic  acids,  were 
eluted  from  the  column  with  50  ml  of  8  N  HCOOH  solution. 

The  eluate  from  the  hydrogen  column  (positively  charged  com¬ 
pounds)  was  evaporated  to  dryness  under  reduced  pressure,  redissolved 
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in  5  ml  of  distilled  water  and  then  passed  through  a  column  of  anion 
exchange  resin  in  the  acetate  form.  The  basic  and  neutral  amino 
acids  including  amides  were  removed  by  washing  the  column  with  50  ml 
of  distilled  water.  The  acidic  amino  acids  was  eluted  from  the 
column  with  50  ml  of  8  N  CH^COOH  solution. 

Further  fractionation  of  the  neutral  and  basic  amino  acids 
was  achieved  by  hydrolyzing  the  amides  to  their  corresponding  acidic 
amino  acids.  The  hydrolysis  was  carried  out  in  2N  HCl  at  97°C  for 
4  hours.  Glutamic  and  aspartic  acids  released  by  this  treatment  were 
then  separated  using  anion  exchange  resins  in  the  acetate  form. 

Before  measuring  content  or  further  chromatographic  separation 
each  fraction  from  the  columns  was  evaporated  to  dryness,  neutralized 
and  then  redissolved  in  distilled  water.  The  amino  acid  fractions 
were  further  separated  and  the  major  radioactive  components  identi¬ 
fied  by  paper  chromatography. 

Paper  Chromatography  of  Amino  Acids 

For  separation  of  amino  acids  the  technique  of  descending 
paper  chromatrography  was  employed  (Cameron  and  Cossins,  1967). 
Radioactive  samples  were  applied  to  sheets  of  Whatman  no.  1  chromato¬ 
graphic  paper  and  followed  by  development  in  the  appropriate  solvent 
system.  Labeled  compounds  were  detected  on  the  chromatograms  by 
autoradiography  using  Kodak  no-screen  X-ray  film.  Radioactive 
compounds  were  identified  by  reference  to  the  mobilities  of  authentic 
compounds  in  the  various  solvent  systems. 

Aliquots  of  the  neutral  and  basic  amino  acid  fraction  were 
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spotted  on  paper  chromatograms  and  developed  in  n-butanol:  glacial 
acetic  acid:  water  (4:1:5  by  vol.)  for  20  hours  at  25°C.  The 
markers  were  sprayed  with  a  0.17,  (v/v)  solution  of  ninhydrin  in  n- 
butanol . 

The  acidic  amino  acids  were  separated  in  a  phenol :water  (8:3 
v/v)  system  for  24  hours  at  25°C.  The  markers  were  detected  with 
the  ninhydrin  reagent. 

Radioactive  areas  on  the  chromatograms  were  carefully  cut  out 
and  placed  directly  in  the  counting  fluor.  In  measuring  the  radio¬ 
activity  of  aqueous  samples,  aliquots  were  pipetted  into  counting 
vials  followed  by  addition  of  the  counting  fluor. 

Scintillation  Counting 

In  the  present  investigation  radioactive  samples  were  counted 
in  a  Nuclear-Chicago  Unilux  I  liquid  scintillation  counter.  A  poly¬ 
ether  counting  fluor  containing  9.6  gm  PPO  and  0.4  gm  POPOP  in  a 
800  ml  mixture  of  dioxane : anisole : 1 , 2  -  dime thoxye thane  (6:1:1  by  vol.) 
was  routinely  used.  Efficiency  of  counting  was  determined  by  the 
channels  ratio  method.  All  samples  were  counted  several  times  for 

4  min.  periods  at  the  balance  point.  Under  these  conditions,  aqueous 
14 

solutions  of  C  samples  were  counted  at  an  efficiency  of  approxi¬ 
mately  6870.  Radioactive  samples  present  on  filter  paper  were  counted 
with  an  efficiency  of  547o  in  this  system.  In  all  cases  the  counts 
were  corrected  for  background. 
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RESULTS 

The  importance  of  aspartic  and  glutamic  acids  for  biosynthesis 
of  other  amino  acids  in  plants  has  been  "well  documented  by  Fowden  (1965) 
More  recently  Cameron  and  Cossins  (1967)  emphasized  the  role  of  the  TCA 
cycle  for  the  production  of  glutamic  acid  in  germinating  pea  cotyledons. 
They  suggested  that  aspartic  and  glutamic  acids  were  compartmented  so 
that  they  can  serve  as  precursor  pools  for  the  synthesis  of  their  cor¬ 
responding  amides.  To  further  examine  compartmentation  of  aspartic  and 
glutamic  acids  the  metabolism  of  acetate- 2- was  followed  by  means  of 


pulse  feeding  experiments. 


14, 


During  the  30  minute  pulse  feeding  very  little  CO2  was  released 
(Table  1).  As  expected  much  of  the  was  incorporated  into  the 

organic  acid  and  amino  acid  fractions.  During  the  post-pulse  period  the 
total  radipac tivi ty  recovered  from  the  tissues  continued  to  increase 
indicating  that  an  endogenous  pool  of  labeled  acetate  was  being  further 
utilized  during  this  experimental  period.  As  the  post-pulse  period 
was  extended  the  amount  of  radioactivity  in  QC^j  neutral  and  basic  amino 
acids  and  glutamine  continued  to  increase.  The  content  of  aspartic 

and  glutamic  acids  increased  up  to  1  hr.  and  then  decreased  while  that 
present  in  the  organic  acids  decreased  after  2  hr.  (Table  1,  Figure  1). 

In  agreement  with  Cameron  and  Cossins'  work,  the  conversion  of 
acetate-2- to  CO2  was  relatively  minor.  The  rapid  labeling  of 
glutamic  acid  from  acetate  suggests  that,  glutamate  dehydrogenase  may 
play  an  important  role  in  the  synthesis  of  this  amino  acid. 

Furthermore,  the  pronounced  decrease  in  the  labeling  of  glutamic 

while  the  neutral  and  basic  amino  acid  f taction  was  increasing 
in  radioactivity  (Table  1)  suggests  a  flow  of  carbon  from  glutamate 
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Incorporation  of  acetate-2-  into  the  soluble  fractions  of  pea  cotyledons 

(Expressed  as  c.p.m.) 
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Figure  1 


Changes  in  the  radioactivity  of  soluble  compounds 
following  a  30  min  pulse  feeding  with  acetate- 2- . 

1  gm  samples  of  cotyledon  slices  were  incubated  for 
30  min  at  30°C  with  2.5  he  of  acetate-2- (0.5  ymoles) 
and  100  y moles  of  Na^PO^  (pH  5.5).  The  tissues  were 
then  washed  thoroughly  and  incubated  at  30°C  with  100 
umoles  NaH2P0^  (pH  5.5)  for  periods  up  to  3  hr  as  indi¬ 
cated  . 

x-x-x  Aspartic  acid 

o-o-o  Glutamic  acid 

n-n-n  Neutral  and  basic  amino  acids 

BHB-SI  Organic  acids 

At-A-tA  Carbon  dioxide 

Neutral  fraction 


A-A-A 


Glutamine 
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to  the  neutral  and  basic  amino  acids.  The  fact  that  relatively  little 
aspartic  acid  was  labeled  implies  that  the  pool  of  this  amino  acid  is 
very  small  and  is  possibly  in  a  state  of  rapid  turnover.  This  latter 
possibility  is  supported  by  the  considerable  decrease  in  the  labeling  of 
aspartate  during  the  post-pulse  period  (Table  1) .  Such  turnover  may  be 
related  to  the  utilization  of  aspartate  for  homoserine  biosynthesis 
(Larson  and  Beevers,  1965).  Furthermore,  equilibrium  of  this  aspartate 
pool  with  oxaloacetate  in  the  TCA  cycle  would  produce  a  similar  turn¬ 
over  of  14C-  Such  an  equilibrium  would  probably  be  affected  by 
aspartate  aminotransferase. 

It  is  clear  that  glutamate  dehydrogenase  and  aspartate  amino¬ 
transferase  play  important  roles  in  intermediary  metabolism.  Due  to 
their  biochemical  relationships  with  the  TCA  cycle,  it  is  possible 
that  these  two  enzymes  are  localized  in  the  mitochondria.  In 
addition,  the  general  importance  of  glutamic  acid  for  the  synthesis  of 
other  amino  acids  by  transamination  reactions  suggests  that  enzymes 
catalyzing  these  reactions  may  also  exist  in  other  parts  of  the  cell. 

For  these  reasons  the  possible  intracellular  localization  of  glutamate 
dehydrogenase  and  aspartate  aminotransferase  in  pea  cotyledons  was 
examined  in  further  experiments. 
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Changes  in  Aspartate  Aminotransferase  Activity  During  Germination 

1 .  Cytoplasmic  Aspartate  Aminotransferase 

Crude  homogenates  were  assayed  for  aspartate  aminotrans¬ 
ferase  activity  as  described  in  the  Methods  section.  Cytoplasmic 
aspartate  aminotransferase  activity  was  detected  at  all  of  the 
stages  of  germination  studied  (Figure  2) .  Total  enzyme  activity 
was  relatively  low  in  one  and  two  day  old  tissues.  On  the  basis 
of  fresh  weight  and  protein  content,  three  and  four  day  old  coty¬ 
ledons  contained  the  greatest  amounts  of  cytoplasmic  aspartate 
aminotransferase  activity. 

2.  Particulate  Aspartate  Aminotransferase 

Pea  cotyledons  show  a  pronounced  development  of  sub- 
cellular  organelles  during  germination  (Bain  and  Mercer,  1966). 
Experiments  were,  therefore,  conducted  to  follow  possible  changes 
in  the  levels  of  particulate  aspartate  aminotransferase  activity 
in  germinating  pea  cotyledons.  The  particulate  fraction  was 
isolated  and  treated  with  deoxycholate  as  described  in  the  Methods 
section.  As  is  evident  from  Figure  3,  total  enzyme  activity  was 
very  low  initially  but  reached  a  maximum  after  three  days.  After 
this,  total  enzyme  activity  slowly  declined.  However,  specific 
enzyme  activity  reached  a  maximum  on  the  fourth  day  and  then 
declined.  During  the  five  day  period  examined,  the  activity  of 
the  particulate  fraction  represented  approximately  4  -  5%  of  the 
total  extractable  aspartate  aminotransferase  activity. 


Figure  2 


Changes  in  cytoplasmic  aspartate  aminotransferase 
activity  during  germination 

Assay  conditions:  samples  of  the  10,000  x  g  super¬ 
natant  were  pre- incubated  with  100  ymoles  of  Tris-HCl 
(pH  8.0)  40  ymoles  of  L-aspartate  and  10  yg  of  pyri- 
doxal  phosphate  for  10  min. at  37°C.  10  ymoles  of  a- 

ketoglutarate  were  then  added  to  initiate  the  reaction. 
The  final  volume  was  3  ml;  the  final  pH  was  8.0. 

Stippled  bar  represents  units/150  g.f.wt. 

Open  bar  represents  units/mg  protein 


41 


-  10 


-  8 


-  6 


2 


Days  of  Germination 


Units/mg  Proteinfl  X  10"^) 


Figure  3 


Changes  in  particulate  aspartate  aminotransferase 
activity  during  germination 

Samples  of  the  10,000  x  g  particulate  fraction  were 
treated  with  170  deoxycholate  and  assayed  for  enzyme 
activity  as  described  in  Figure  2. 

Stippled  bar  represents  units/150  g.f.wt. 

Open  bar  represents  units/mg  protein 
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Changes  in  Glutamate  Dehydrogenase  Activity  in  the  Particulate  Frac¬ 

tion  During  Germination 

Since  glutamate  dehydrogenase  also  plays  an  important  role 
in  glutamate  biosynthesis,  the  particulate  fraction  was  examined 
for  this  enzyme  during  germination.  As  illustrated  in  Figure  4, 
enzyme  activity  increased  with  age,  reaching  a  maximum  in  three 
days  and  then  decreasing.  The  specific  enzyme  activity  reached  a 
maximum  on  the  fourth  day.  The  particulate  fraction  was  found  to 
contain  approximately  4%,  of  the  total  extractable  glutamate 
dehydrogenase  activity  of  the  tissue.  Preliminary  studies 
indicated  that  the  cytoplasmic  fraction  also  contained  appreciable 
levels  of  glutamate  dehydrogenase.  However,  in  contrast  with  the 
other  enzymes,  activity  was  rapidly  lost  on  storing  the  prepara¬ 
tions  for  short  periods  at  4°C.  It  was,  therefore,  found  impossible 
to  obtain  accurate  data  on  the  levels  of  this  enzyme  in  the  cyto¬ 
plasmic  fraction. 

The  changes  in  aspartate  aminotransferase  activity  during 
germination  (Figures  2  and  3)  suggest  that  the  enzyme  is  synthe¬ 
sized.  This  suggestion  was  supported  by  studies  with  chloram- 

-4 

phenicol  and  cycloheximide.  At  a  concentration  of  1  x  10  M, 
chloramphenicol  inhibited  the  characteristic  increase  in  enzyme 
activity  during  the  second  day  of  germination  by  14%.  At  the  same 
concentration,  cycloheximide  gave  an  inhibition  of  434. 

There  have  been  several  reports  in  the  literature  of 
increases  in  enzyme  activity  following  treatment  of  tissues  with 
gibberellic  acid  (Varner,  1965).  In  the  present  work,  the  possible 


Figure  4 


Changes  in  particulate  glutamate  dehydrogenase 
activity  during  germination 

Assay  conditions:  the  crude  particulate  suspension 
(deoxycholate  treated)  was  pre-incubated  with  100 
ymoles  of  K2HPO4  (pH  8.0)  and  30  umoles  of  L-glutamate 
at  37°C  for  10  min.  7.3  ymoles  of  NAD**"  were  then  added 
to  initiate  the  reaction.  The  reference  cuvette  con¬ 
tained  all  of  the  components  with  the  exception  of 
NAD+.  The  final  volume  was  3  ml;  the  final  pH  was  8.0. 

Stippled  bar  represents  units/150  g.f.wt. 

Open  bar  represents  units/mg  protein 
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effect  of  gibberellic  acid  on  the  synthesis  of  aspartate  amino¬ 
transferase  in  the  presence  and  absence  of  aspartic  and  glutamic 
acids  was  investigated.  Although  the  hormone  doubled  the  length 
of  the  epicotyl,  aspartate  aminotransferase  activity  was  not 
affected. 

Partial  Purification  of  the  Aspartate  Aminotransferases 

In  an  attempt  to  characterize  the  cytoplasmic  and  the 
particulate  aspartate  aminotransferases,  these  enzymes  were 
partially  purified  and  their  kinetic  properties  were  studied. 

The  methods  employed  for  enzyme  purifications  included  (NH^^SO^ 
fractionation;  DEAE-cellulose ,  Sephadex  G-200,  and  hydroxylapatite 
column  chromatographies  as  detailed  in  the  Methods  section. 

Partial  Purification  of  the  Cytoplasmic  Enzyme 
1 .  DEAE- cellulose  column  chromatography 

Most  of  the  cytoplasmic  enzyme  activity  was  precipitated 
when  the  (NH4>2S04  concentration  was  raised  to  40  -  60%  of  satura¬ 
tion.  When  a  sample  of  this  fraction  was  applied  to  a  column  of 
DEAE- cellulose ,  much  of  the  protein  was  immediately  eluted  by 
0.005  M  Tris-HCl  buffer  (pH  7.8).  Enzyme  activity  was  subsequently 
eluted  from  the  column  using  a  gradient  of  Tris-HCl  buffer  as 
described  in  the  Methods  section.  This  indicated  that  the  cyto¬ 
plasmic  aminotransferase  from  pea  cotyledons  displayed  a  negative 
charge  under  these  experimental  conditions.  It  is  interesting  to 
note  that  the  corresponding  enzymes  from  mammalian  heart  (Borst 
and  Peeters,  1961),  and  cauliflower  florets  (Ellis  and  Davies,  1961) 
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both  displayed  a  similar  charge  at  pH  7.8.  Total  recovery  after 
column  chromatography  was  approximately  7  0%,.  From  Table  2,  it  is 
clear  that  chromatography  on  DEAE- cellulose  resulted  in  an 
increase  in  specific  activity  of  approximately  8  times  over  the 
(NH^^SO^  fraction  and  approximately  23  times  over  the  crude 
extract.  Similar  to  the  enzyme  from  mammalian  and  cauliflower 
tissues  (Nisonoff  and  Barnes,  Jr.,  1932;  Ellis  and  Davies,  1961), 
the  enzyme  from  pea  cotyledons  after  DEAE-cellulose  chromato¬ 
graphy  lost  little  activity  when  stored  for  several  months  at 
-15°C.  Once  activity  was  completely  lost  (After  storage  at 
-15°C  for  approximately  1  year)  additions  of  pyridoxal  phosphate 
and  mercaptoethanol  did  not  restore  enzyme  activity. 

2 .  Sephadex  G-200  column  chromatography 

For  Sephadex  G-200  column  purification  the  enzyme  from 
DEAE-cellulose  was  lyophilyzed  and  redissolved  in  demineralized 
redistilled  water.  The  solution  displayed  a  bright  yellow  color, 
there  was  no  indication  of  denaturation  or  lost  of  enzyme 
activity  by  this  treatment  as  100%  of  the  enzyme  activity  was 

recovered  after  freeze  drying. 

When  the  DEAE-cellulose  purified  enzyme  was  applied  to  the 
Sephadex  column  and  was  subsequently  eluted  with  0.005  M  Tris-HCl 
buffer  (pH  7.8),  the  bulk  of  the  protein  was  eluted  in  the  void 
volume.  Enzyme  activity  recovered  from  the  column  had  a  specific 
activity  approximately  67  times  greater  than  the  crude  extract 
(Table  2).  Furthermore,  all  of  the  activity  applied  to  the  column 
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was  recovered.  After  Sephadex  G-200  purification  the  enzyme  was 
active  for  several  weeks  at  -15°C. 

3 .  Hydroxylapatite  column  chromatography 

Although  the  routine  purification  procedure,  as  outlined 
in  Table  2,  did  not  include  the  use  of  hydroxylapatite  some 
fractionation  studies  were  carried  out  with  this  material  in 
attempts  to  achieve  further  purification  of  the  cytoplasmic 
enzyme.  In  these  experiments  the  hydroxylapatite  columms  were 
equilibrated  and  then  eluted  with  0.005  M  Tris-HCl  (pH  7.8). 

Under  these  conditions  the  cytoplasmic  aspartate  aminotransferase 
was  not  adsorbed  by  hydroxylapatite.  Maximum  enzyme  activity  and 
specific  activity  occurred  in  fractions  having  the  smallest 
amount  of  protein.  The  best  purification  achieved  was  approxi¬ 
mately  150-200  times  over  the  crude  extract.  However,  the  enzyme 
lost  approximately  60%  of  its  activity  after  being  stored  for 
24  hours  at  4°C.  Additions  of  pyridoxal  phosphate  or  mercapt- 
oethanol  to  such  preparations  failed  to  restore  its  original 
enzyme  activity. 

In  experiments  where  hydroxylapatite  columns  were  equili¬ 
brated  and  eluted  with  Na2HP04  buffer  (pH  7.8),  the  enzyme  was 
adsorbed  by  the  ion  exchanger.  Enzyme  activity  was,  however, 
readily  eluted  off  the  columns  when  a  gradient  of  phosphate 
buffer  at  pH  7.8  was  applied  (see  Methods  section).  The  instabil¬ 
ity  of  the  enzyme  after  hydroxylapatite  column  chromatography  is 
one  feature  which  is  different  from  the  mammalian  enzyme.  This  is 
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perhaps  one  reason  why  the  mammalian  aspartate  aminotransferase  can 
be  so  highly  purified.  Although,  hydroxylapatite  columns  highly 
purified  the  pea  enzyme,  the  instability  of  such  preparations 
prevented  the  routine  use  of  this  treatment. 

Extraction  and  Partial  Purification  of  the  Particulate  Asparate 

Aminotransferase 

1 .  Extraction  of  the  Particulate  Enzyme 

Since  aspartate  aminotransferase  activity  was  detected  in 
the  particulate  fraction,  various  physical  methods  were  attempted 
to  release  the  enzyme  into  solution.  Table  3  shows  that  enzyme 
activity  was  increased  by  high  speed  blending  and  by  sonication. 
However,  the  enzyme  was  not  completely  solubilized  for  much  of  the 
enzyme  activity  remained  in  the  sedimented  material  after  centri¬ 
fugation  at  30,000  x  g.  However,  after  treatment  with  1%  deoxy- 
cholate,  most  of  the  enzyme  activity  was  solubilized.  It  appears, 
therefore,  that  the  particulate  aspartate  aminotransferase  is 
membrane  bound  and  it  is  released  only  when  the  lipids  were  solu¬ 
bilized  by  the  bile  salt.  Deoxycholate  at  the  concentration  used 
had  no  effect  on  the  aminotransferase  activity. 

2.  Partial  Purification  of  the  Particulate  Aspartate  Aminotrans¬ 

ferase 

Fractionation  of  the  crude  suspension  with  n-butanol  and 
acetone  was  attempted  but  resulted  in  denaturation  of  the  enzyme 
protein.  Partial  purification  of  the  particulate  aspartate 
aminotransferase  was,  however,  achieved  by  (NH^SO^.  fractionation 
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Table  3 


The  effects  of  blending  and  sonication  on  the  enzyme 
activity  of  the  particulate  fraction 


Treatment 

Enzyme 

activity 

y moles  OAA/min 

7o  of  control 

Control  (0.05  M  Tris-HCl) 

0.037 

100 

High  speed  blending  (2  min) 

0.056 

151 

Sonication  (0.96  amperes) 

0.056 

151 

Aliquots  (0.2  ml)  of  the  particulate  fraction  in  0.05  M  Tris-HCl  buffer 
(pH  7.8)  were  assayed  for  enzyme  activity  before  (control)  and  after 
blending  and  sonication,  respectively.  The  enzyme  was  pre-incubated 
with  100  y moles  of  Tris-HCl,  40  y moles  of  L-aspartate  and  10  yg 
of  pyridoxal  phosphate  for  10  min  at  37°C.  The  reaction  was  then 
initiated  by  addition  of  10  y  moles  of  a -ketoglutarate .  Final  vol¬ 
ume  ,  3  ml ;  f inal  pH ,  8.0. 
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followed  by  Sephadex  G-230  column  chromatography  (Table  4).  After  the 
Sephadex  G-200  step  45%  of  the  original  activity  was  recovered  and  the 
specific  activity  was  increased  26  times. 

Properties  of  the  Cytoplasmic  Aspartate  Aminotransferase 

Due  to  its  stability  the  enzyme  after  DEAE-cellulose  column 
chromatography  was  routinely  used  for  kinetic  studies.  At  this  stage 
of  purification  the  enzyme  had  a  specific  activity  of  0.90,  22  times 
greater  than  that  of  the  crude  extract.  Under  the  experimental  con¬ 
ditions  described  in  the  Materials  and  Methods  section,  aspartate 
aminotransferase  activity  was  found  to  be  linear  with  protein  con¬ 
centrations  up  to  2  mg. 

1 .  Specific i ty 

The  strict  limitation  of  the  action  of  an  enzyme  to  one 
substrate  or  to  a  small  number  of  closely  related  substances  is  one  of 
the  most  important  properties  of  a  biological  catalyst.  It  is  now 
known  that  the  aspartate  aminotransferases  from  mammalian  tissues  and 
from  cauliflower  florets  have  a  high  degree  of  substrate  specificity. 
Experiments  were  conducted  to  determine  whether  the  enzyme  from  pea 
cotyledons  also  displayed  similar  substrate  specificity.  As  indicated 
in  Table  5,  only  a-ketoglutarate  and  L- glutamate  supported  trans¬ 
amination  with  L-aspartate  and  oxaloacetate ,  respectively. 

2 .  Effects  of  Certain  Buffering  Systems 

The  effects  of  glycine,  phosphate,  Tris-maleate ,  Tris-HCl 
and  Tris-acetate  buffers  on  aspartate  aminotransferase  activity 
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Purification  of  the  particulate  aspartate  aminotransferase 
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Table  5 

Specificity  of  the  cytoplasmic  aspartate  aminotransferase 


Substrate 

Concentration 
(  ymoles/3  ml) 

Enzyme  activity 
( y  mole  OAA/min) 

a)  Amino  acceptors 

pyruvate 

1 

0 

hydroxypyruvate 

10 

0 

glyoxylate 

10 

0 

a-ketoglutarate 

10 

0.18 

b)  Amino  donors 

L-aspartate 

20 

0 

D-aspartate 

20 

0 

L-asparagine 

20 

0 

L-serine 

20 

0 

L- leucine 

20 

0 

glutamine 

20 

0 

y -aminobutyrate 

20 

0 

L-alanine 

20 

0 

glycine 

20 

0 

L- glutamate 

20 

0.14 

Assay  conditions 

(a)  with  amino  acceptors:  enzyme  (0.4  mg  of  protein)  was  preincubated 
with  100  y moles  of  Tris-HCl  and  20  ymoles  of  L-aspartate  for  5  min  at 
37°C.  The  amino  acceptor  as  then  added  to  initiate  the  reaction.  Final 
volume  3  ml;  final  pH,  8.0. 

(b)  with  amino  donors:  enzyme  (0.6  mg  protein)  was  pre-incubated  with 
100  ymoles  of  Tris-HCl  and  20  ymoles  the  amino  donor  for  5  min  at 

37 °C.  1  y mole  of  OAA  was  then  added  to  initiate  the  reaction.  Final 

volume,  3  ml;  final  pH,  8.0. 
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was  examined  as  shown  in  Table  6.  Enzyme  activity  appeared  to  be 
lower  when  glycine,  phosphate  and  Tris-maleate  buffers  were  used. 
For  this  reason  Tris-HCl  buffer  was  used  for  all  experiments.  The 
only  exceptions  to  this  being  experiments  where  a  wider  range  of 
pH  was  required.  Banks,  Lawrence,  Vernon  and  Wootton  (1963),  had 
reported  that  the  enzyme  reaction  produces  oxaloacetate  in  the  keto 
form  and  in  order  to  measure  this  compound  at  280  my  ,  it  must  be 
converted  to  the  enol  form.  It  appears  that  the  buffering  systems 
have  the  ability  to  catalyze  this  conversion  (Henson  and  Cleland, 
1964).  On  the  basis  of  these  findings  it  is  possible  that  glycine 
and  phosphate  buffers  used  in  the  present  work  decreased  the 
enolization  of  oxaloacetate  and,  therefore,  gave  apparently  lower 
reaction  velocities.  In  addition,  phosphate  buffer  may  inhibit 
enzyme  activity  by  causing  dissociation  of  the  coenzyme.  Since  the 
enzyme  was  incubated  with  aspartic  acid,  it  was  presumably 
converted  into  the  pyridoxamine  phosphate  form.  Studies  by  Scardi 
et  al . ,  (1963)  indicated  that  the  effectiveness  of  phosphate 
buffer  in  resolving  the  enzyme  was  greatest  when  the  enzyme  was  in 
the  pyridoxamine  phosphate  form. 

The  inhibitory  effect  of  Tris-maleate  may  be  due  to  the 
action  of  maleate  on  the  enzyme.  As  shown  by  Velick  and  Vavra 
(1962),  maleate  competes  with  the  substrates  for  the  amino  and 
aldehyde  forms  of  the  enzyme- coenzyme  complex. 

3 .  Effects  of  pH 


From  the  previous  section  on  the  effects  of  some  buffers, 
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Table  6 


Effects  of  some  buffering  systems  on  cytoplasmic 
aspartate  aminotransferase  activity 


Buffer  used 

Enzyme  activity 
(  Umole  OAA/min) 

%  of  control 

Tris-HCl  (control) 

0.134 

100 

Tris-acetate 

0.134 

100 

Tris-maleate 

0.040 

30.0 

Glycine 

0.072 

53.7 

k2hpo4 

0.111 

83.0 

Assay  conditions:  enzyme  (0.3  mg  of  protein)  was  pre- incubated  with 
100  y mole  of  the  buffer  (pH  8.0)  and  20  umole  of  L-aspartate  at 
37°C  for  5  min.  10  ymoles  of  ol  -ketoglutarata.were  then  added  to 
initiate  the  reaction.  Final  pH,  8.0;  final  volume,  3  ml. 
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it  is  clear  that  one  buffering  system  must  be  used  so  as  to  avoid 
variations  in  keto-enolizat ion  and  to  avoid  other  specific  effects. 
Since  Tris-acetate  was  found  to  be  capable  of  buffering  in  a  wide 
range  of  pH,  it  was  utilized.  Standard  curves  for  oxaloacetate  at 
different  pH  values  were  used  to  correct  for  the  changes  in 
absorbance  as  a  function  of  pH.  From  Figure  5,  it  is  clear  that 
the  optimal  pH  for  enzyme  activity  was  8.0.  Studies  using  the 
radiometric  assay  over  the  same  pH  range  showed  that  maximal 
conversion  of  a -ketoglutarate  to  glutamate  also  occurred  at  pH 
8.0.  The  optimum  pH  of  8.0  is,  therefore,  similar  to  those 
reported  for  mammalian  and  plant  aminotransferases  (Jenkins  et  al_.  , 
1959;  Nadkarni  and  Sohonie,  1963).  It  was  not  surprising  to  find 
a  decrease  in  enzyme  activity  at  acid  pH  since  a -ketoglutarate 
has  a  greater  tendency  to  inhibit  the  mammalian  enzyme  at  low  pH 
values  (Velick  and  Vavra,  1962).  It  was  difficult  to  study  the 
effects  of  pH  on  enzyme  activity  above  8.5  because  of  the  rapid 
spontaneous  breakdown  of  oxaloacetate  to  pyruvate  (Jenkins  e_t  al. , 
1959). 

4.  Effects  of  Inhibitors 

It  is  known  that  sulfhydryl  reagents  such  as  iodoacetamide , 
iodoacetate  and  p-chloromercuribenzoate  (p-CMB)  inhibit  enzyme 
reactions  requiring  free  -SH  groups.  It  is  also  known  that 
isonicotinic  acid  hydrazide  and  KCN  inhibit  enzymes  which  have 
pyridoxal  phosphate  as  their  coenzyme.  In  the  present  investiga¬ 
tion,  experiments  were  conducted  to  study  the  effects  of  such 


Figure  5 

Effects  of  pH  on  the  activity  of  the  cytoplasmic 

enzyme . 

Assay  conditions:  samples  of  enzyme  (0.3  mg  protein) 
were  pre- incubated  with  100  ymoles  of  Tris-acetate 
(pH  as  indicated)  and  20  ymoles  of  L-aspartate  at  37°C 
for  5  min.  10  ymoles  of  a-ketoglutarate  were  then 
added  to  initiate  the  reaction.  The  final  pH  was 


determined  after  the  reaction  had  continued  for  3  min. 
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inhibitors  on  aspartate  aminotransferase  activity.  Table  7  shows 
that  all  of  the  compounds  tested  inhibited  aminotransferase 
activity.  Since  isonicotinic  acid  hydrazide  is  an  antagonist  of 
pyridoxal  phosphate  its  inhibitory  effect  strongly  suggests  that 
the  aminotransferase  is  pyridoxal  phosphate  dependent.  The 
inhibitory  effect  of  KCN  also  supports  this  contention,  although 
its  action  is  less  specific.  Inhibition  by  iodacetate,  iodoaceta- 
mide  and  p-CMB  indicates  that  the  enzyme  requires  -SH  groups  for 
activity. 

In  experiments  with  iodoacetate  30  yg  of  pyridoxal 
phosphate  or  60  ymoles  of  mercaptoethanol  added  to  the  reaction 
system  before  the  inhibitor  completely  prevented  inhibition. 
However,  if  the  inhibitor  was  incubated  with  the  enzyme  before 
the  addition  of  mercaptoethanol  or  pyridoxal  phosphate  inhibitory 
effect  was  not  relieved. 

Similar  to  the  mammalian  enzyme  the  aminotransferase  from 
pea  cotyledons  was  also  inhibited  by  high  keto  acid  concentrations. 
Figure  6  indicates  that  concentrations  of  oxaloacetate  and  a  - 
ketoglutarate  higher  than  7.0  ym  and  5  ym  respectively  inhibited 
transaminase  activity.  However,  amino  acid  concentrations  above 
saturation  did  not  cause  inhibition.  The  inhibitory  effects  of  the 
keto  acids  may  result  from  combination  with  the  pyridoxal  phosphate 
form  of  the  enzyme.  This  would  effectively  reduce  interconversions 
of  the  pyridoxal  phosphate  to  pyridoxamine  phosphate  forms  of  the 
enzyme  (Banks  et  al. ,  1963).  However,  such  complexes  were 
competitively  overcome  by  increasing  the  concentration  of  the  amino 
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Table  7 

Effects  of  various  inhibitors  on  cytoplasmic  aspartate 
aminotransferase  activity 


I nhibitor 

Concentration 

(M) 

Inhibition 

m 

KCN 

1.7 

X 

10'2 

100 

Isonicotinic  acid 
hydrazide 

3.3 

X 

10"3 

100 

Iodoacetate 

3.3 

X 

10“3 

40 

Iodoacetamide 

1.7 

X 

CM 

1 

O 

t— 4 

100 

p-CMB 

2.7 

X 

10-* 

23 

Assay  conditions:  enzyme  (0.4  mg  protein)  was  incubated  with  the 
inhibitor  and  100  y  moles  of  Tris-HCl  at  37°C  for  10  min.  Then  20 
y moles  of  L-aspartate  were  added  and  the  mixture  incubated  for  a 
further  5  min.  After  this,  10  y moles  of  a -ketoglutarate  were 
added  to  initiate  the  reaction.  Final  volume,  3  ml;  final  pH,  8.0. 


Figure  6 

Effects  of  varying  keto  acid  concentrations  on  cy¬ 
toplasmic  aspartate  aminotransferase  activity. 

Assay  conditions:  samples  of  the  enzyme  (0.3  mg  of 
protein)  were  incubated  with  either  20  ymoles  of  L- 
aspartate  or  L-glutamate  and  100  ymoles  of  Tris-HCl 
(pH  8.0)  at  37°C  for  5  min.  After  this  incubation  a- 
ketoglutarate  or  oxaloacetate  were  added  to  initiate 
the  reaction.  The  final  volume  was  3  ml  and  the  final 


pH  was  8.0. 
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acid  substrates  as  illustrated  in  Figures  7  and  8. 

5 .  Effects  of  Cations 

Although  the  role  of  metal  ions  in  enzymic  transamination 
reactions  is  not  clear,  there  had  been  reports  of  enzyme  activation  by 
various  cations  (Happold  and  Turner,  1957;  Nadkarni  and  Sohoni,  1963). 
Table  8  shows  that  addition  of  MgC 1 o ,  CaCl2  and  MnCl2  stimulated  trans¬ 
amination.  This  stimulation  was  also  confirmed  by  measuring  the 
production  of  radioactive  glutamate.  In  test  for  possible  nonenzymic 
reactions  boiled  enzyme  preparations  were  incubated  with  the  substrates 
and  the  cations.  In  the  presence  of  CaCl2  and  MgCl2  no  production  of 
oxaloacetate  could  be  detected.  However,  in  the  presence  of  MnC^  some 
absorbance  at  28f)  my  was  observed  but  this  was  considerably  lower  than 
the  readings  obtained  with  the  unboiled  enzyme.  This  may  be  the  reason 
for  different  percentage  of  stimulation  shown  by  MnC^  and  MgCl2  as 
measured  by  the  production  of  oxaloacetate  and  ^C-glutamate  (Table  8). 
Pyridoxal  phosphate  was  omitted  from,  these  reaction  mixtures  as  it  is 
known  to  react  nonenzymically  with  certain  metals  (Metzler  and  Snell, 

J  I  I 

1952) .  Monovalent  cations  such  as  Na  ,  K  ,  and  NH4  had  no  effect  on 
enzyme  activity. 

6.  Michaelis  Constants 

_  * 

The  apparent  Michaelis  constants  were  determined  according  to 
the  method  of  Lineweaver  and  Burk  (1934),  and  from  the  slope  term. 

The  apparent  Michaelis  constants  for  the  four  substrates  attacked 
are  given  in  Table  9.  In  agreement  with  the  data  reported  for  the 
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Table  8 

Effects  of  cations  on  cytoplasmic  aspartate 
aminotransferase  activity 


Addition 

Concentration 

(M) 

Enzyme  activity 
(  ymole  OAA/min) 

none 

— 

0.14 

MnCl2 

3.3 

X 

10"3 

0.67 

MgCl2 

3.3 

X 

10"3 

0.  20 

CaCl2 

3.3 

X 

10"3 

0.20 

NaCl 

3.3 

X 

10-3 

0.14 

KCl 

3.3 

X 

10"3 

0. 14 

NH4CI 

3.3 

X 

10“3 

0.14 

Assay  conditions:  for  spectrophotometric  assay  enzyme  (0.4  mg  protein) 
was  pre-incubated  with  the  cation,  20  ymoles  of  L-aspartate  and  100 
y moles  of  Tris-HCl  at  37°C  for  5  min.  10  ymoles  of  a -ketoglutarate 
were  then  added  to  initiate  the  reaction.  Final  volume,  3  ml;  final 
pH  8.0. 

Stimulation  of  enzyme  activity  by  MnCl2  and  MgCl2  was  also  con¬ 
firmed  by  measuring  ^C-glutamate  produced  from  radioactive  ot -ketoglu¬ 
tarate.  The  enzyme  reaction  was  carried  out  as  for  the  spectrophoto¬ 
metric  assay  except  that  0.3  yc  (9  ymoles)  of  a -ketoglutarate 

was  added  to  initiate  the  reaction.  The  reaction  was  allowed  to 
proceed  for  30  seconds  and  then  terminated  with  4  ml  of  4N  HCl.  The 
^C- glutamate  was  separated  on  a  cation  resin  column  (H+  form)  and 
counted  for  radioactivity.  The  1  4C- glutamate  produced  contained  1770, 
2950  and  4330  cpm  in  the  control,  MnCl2  and  MgCl2  treatments, 
respectively. 
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Table  9 

Michaelis  constants  for  the  substrates  of  the  cytoplasmic  aspartate  aminotransferase 
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enzyme  from  mammalian  tissues  and  cauliflower  florets,  the  enzyme 
from  pea  cotyledons  displayed  a  higher  apparent  affinity  for  the 
keto  acids.  The  experimental  data  also  indicates  that  the  enzyme 
reaction  is  freely  reversible. 

7 .  Double  Reciprocal  Plots  of  Initial  Reaction  Velocities  As  A 
Function  of  One  Substrate  Concentration  at  Fixed  Concentrations  of 
the  Second  Substrate 

Studies  of  the  mammalian  aspartate  aminotransferase  have 
indicated  that  a  double  reciprocal  plot  of  initial  velocity  against 
one  substrate  concentration  at  different  fixed  concentrations  of 
the  second  substrate  yielded  parallel  lines.  To  explore  this 
possibility  the  pea  aminotransferase  was  examined  in  this  way.  As 
illustrated  in  Figures  7,  8,  9  and  10,  the  data  obtained  from  such 
experiments  gave  parallel  lines  when  plotted  in  this  way.  It  can 
be  seen  that  the  enzyme  has  a  different  Michaelis  constant  for 
different  fixed  concentrations  of  the  second  substrate.  In  the 
case  of  the  amino  acids,  the  values  for  aspartic  or  glutamic  acids 
was  higher  when  the  keto  acids  were  at  a  higher  fixed  concentration. 
This  can  be  attributed  to  the  higher  inhibitory  concentration  of 
the  keto  acids.  However,  in  the  case  of  the  keto  acids  higher 
fixed  concentrations  of  the  amino  acids  gave  lower  Km  values. 

The  parallel  lines  obtained  from  the  double  reciprocal 
plots  are  in  good  agreement  with  the  mathematical  relationships 
derived  by  Velick  and  Vavra  (1962)  for  the  binary  mechanism. 
Although,  these  data  do  not  exclude  the  operation  of  the  ternary 


Figure  7 

Double  reciprocal  plot  of  initial  reaction  velocities 
versus  a -ketoglutarate  concentrations  at  two  fixed 
concentrations  of  aspartate. 

Assay  conditions:  aliquots  of  the  cytoplasmic  enzyme 
(0.1  mg  protein)  were  pre- incubated  for  10  min  at  37°C 
with  100  ymoles  of  Tris-HCl  and  a  fixed  concentration 
of  L-aspartate  as  indicated.  Various  concentrations 
of  a -ketoglutarate  were  added  to  initiate  the  reaction. 
The  final  volume  was  3  ml  and  the  final  pH  was  8.0. 

Note  that  at  high  a-ketoglutarate  concentrations  the 
reaction  is  inhibited  as  indicated  by  the  upward  in¬ 


flection  of  the  data  points. 
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1/  |jd-KetoglutarateJ(l  X  10'^  M) 


Figure  8 

Double  reciprocal  plot  of  initial  reaction  velocities 
versus  oxaloacetate  concentration  at  two  fixed  con¬ 
centrations  of  glutamate. 

Assay  conditions:  aliquots  of  the  cytoplasmic  enzyme 
(0.1  mg  protein)  were  pre-incubated  for  10  min.  at  37°C 
with  100  ymoles  of  Tris-HCl  (pH  8.0)  and  a  fixed  con¬ 
centration  of  L-glutamate  as  indicated.  Various  con¬ 
centrations  of  oxaloacetate  were  added  to  initiate  the 
reaction.  The  final  volume  was  3  ml  and  the  final  pH 
was  8.0. 

Note  that  at  high  OAA  concentrations  the  reaction  is 
inhibited  as  indicated  by  the  upward  inflection  of  the 


data  points. 
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Figure  9 

Double  reciprocal  plot  of  initial  reaction  velocities 
versus  aspartate  concentration  at  two  fixed  concentra¬ 
tions  of  a  -ketoglutarate . 

Assay  conditions:  aliquots  of  the  cytoplasmic  enzyme 
(0.1  mg  protein)  were  pre- incubated  for  10  min  at  37°C 
with  100  ymoles  of  Tris-HCl  and  various  concentrations 
of  L-aspartate  as  indicated.  a -Ketoglutarate  was  then 

_  o 

added  to  give  a  final  concentration  of  1.7  x  10  J  M  and 

_  ^ 

6.7  x  10  M  as  indicated.  The  final  volume  was  3  ml 


and  the  final  pH  was  8.0. 
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Figure  10 

Double  reciprocal  plot  of  initial  reaction  velocities 
versus  glutamate  concentration  at  two  fixed  concentra¬ 
tions  of  oxaloacetate . 

Assay  conditions:  aliquots  of  the  cytoplasmic  enzyme 
(O.lmg  protein)  were  pre-incubated  for  10  min  at  37°C 
with  100  y moles  of  Tris-HCl  (pH  8.0)  and  various  con¬ 
centrations  of  L-glutamate  as  indicated.  Oxaloacetate 
was  then  added  to  give  a  final  concentration  of  1.7  x 
10“^  M  and  5  x  10“^  M  as  indicated.  The  final  volume 
was  3  ml  and  the  final  pH  was  8.0. 
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mechanism,  they  do,  however,  suggest  that  the  kinetic  behaviour 
under  the  experimental  conditions  can  be  best  explained  in  terms 
of  the  binary  mechanism  (Banks  e_t  al.  ,  1963). 

Resolution  and  Reconstitution  of  the  Cytoplasmic  Aspartate  Amino¬ 

transferase 

Since  isonicotinic  acid  hydrazide  inhibited  aminotransfer¬ 
ase  activity  further  experiments  were  conducted  to  examine  the 
possible  requirement  for  pyridoxal  phosphate  and  related 
compounds.  Partial  and  complete  resolution  and  an  absolute 
requirement  for  pyridoxal  or  pyridoxamine  phosphates  is  shown 
in  Table  10.  When  pyridoxal-HCl ,  pyridoxamine-HCl  or  pyridoxine 
phosphate  were  added  to  the  holoenzyme  or  to  the  reconstituted 
apoenzyme,  the  amount  of  product  formed  was  not  changed.  In 
addition,  when  the  apoenzyme  was  incubated  with  pyridoxal-HCl, 
pyridoxamine-HCl  or  pyridoxine  phosphate  and  then  dialized 
thoroughly  for  70  hours  against  0.005  m  Tris-HCl  buffer  (pH  7.8) 
pyridoxal  or  pyridoxamine  phosphates  were  still  required  for  the 
reaction.  However,  in  the  absence  of  pyridoxal  or  pyridoxamine 
5-phosphates,  pyridoxal-HCl,  pyridoxamine-HCl  and  pyridoxine 
phosphate  did  not  support  transamination  with  the  apoenzyme.  After 
resolution  and  reconstitution  of  the  apoenzyme  with  pyridoxal 
phosphate  approximately  50  -  60%  of  the  initial  enzyme  activity 
was  recovered.  The  reconstituted  apoenzyme  was  stable  enough  to 
allow  at  least  two  further  repeated  resolution  and  reconstitution 
treatments.  The  synthetic  coenzyme  was  not  dissociated  from  the 
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Table  10 


The  effect  of  pyridoxal  phosphate  and  chemically  related  compounds  on 
cytoplasmic  aspartate  aminotransferase  activity 


Addition  to 
reaction  system 

Specific 

ho lo enzyme 

enzyme  activity 

apoenzyme 

none 

0 . 46 

0 

pyridoxal  phosphate 

0 . 50 

0.81 

pyridoxamine  phosphate 

0.51 

0.81 

pyridoxal-HCl 

0.50 

0 

pyridoxine  phosphate 

0.50 

0 

pyridoxamine=HCl 

0.51 

0 

Assay  conditions’  20  ymoles  of  L-aspartate ,  100  umoles  of  Tris-HCl 
and  50  yg  of  the  vitamin  derivative  were  incubated  with  0.37  mg 
holoenzyme  protein  or  0.14  mg  apoenzyme  protein  at  37°C  for  5  min. 

The  reaction,  was  then  initiated  by  the  addition  of  10  ymoles  of  a- 
ketoglutarate .  Final  volume,  3  ml;  final  pH,  8.0 
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apoenyzme  by  prolonged  dialysis  against  distilled  water  at  4°C  for 
periods  of  at  least  70  hours. 

When  approximately  0.14  mg  of  apoprotein  was  incubated  with 
50  y  g  of  pyridoxal  or  pyridoxamine  phosphates  enzyme  activity 
reached  a  maximum  after  5  to  10  minutes  of  incubation  at  37°C. 
However,  if  10  yg  of  these  derivatives  were  used,  pyridoxal 
phosphate  gave  maximal  activity  after  5  to  10  minutes  at  37°C, 
whereas  pyridoxamine  phosphate,  required  50  minutes  in  order  to 
reach  maximal  activity. 

Under  the  defined  experimental  conditions,  the  Michaelis 
constants  for  pyridoxal  phosphate  and  pyridoxamine  phosphate 
were  5.8  x  lCT^M  and  5.2  x  10"^M,  respectively  (Table  11).  Coen¬ 
zyme  concentrations  above  saturation  were  not  inhibitory.  The 
similarities  in  the  Michaelis  constants  for  the  two  coenzymes 
suggests  that  the  enzyme  can  be  interconverted  from  the  aldehyde 
to  the  amine  form.  Such  interconvertibility  would  add  further 
support  for  the  binary  mechanism  of  enzyme  action  (Jenkins,  1963; 
Jenkins  and  D'Ari,  1966). 

As  in  the  case  of  the  holoenzyme,  the  reconstituted  apoenzyme 
was  also  inhibited  by  K2HPO4  buffer,  iodoacetate,  KCN,  and  p-CMB 
and  it  is  also  stimulated  by  MnCl2,  CaCl2  and  MgCl2. 

Properties  of  the  Particulate  Aspartate  Aminotransferase 

The  enzyme  after  Sephadex  G-200  column  chromatography  (see 
Methods)  was  routinely  used  for  more  detailed  studies.  At  this 
stage  of  purification  the  enzyme  had  a  specific  activity  of  1.1, 
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Table  11 

Michaelis  constants  for  pyridoxamine  phosphate  and 

pyridoxal  phosphate 


Coenzyme 

Km  (M) 

(Lineweaver-Burk  Plot) 

Pyridoxal  phosphate 

5.8  x  10'7 

Pyridoxamine  phosphate 

5.3  x  10"7 

Assay  conditions:  the  apoenzyme  (0.14  mg  protein)  was  pre-incubated 
with  20  ymoles  of  L-aspartate,  100  ymoles  of  Tris-HCl  and  the 
coenzyme  at  37°C  for  5  min.  10  ymoles  of  a -ketoglutarate  were  then 
added  to  initiate  the  reaction.  Final  volume,  3  ml;  final  pH,  8.0. 
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which  was  28  times  greater  than  the  crude  extract. 

1 .  Stability  of  the  Enzyme 

When  the  10,000  x  g  particulate  fraction  was  suspended  in 
0.05  M  Tris-HCl  (pH  7.8)  and  kept  at  4°C  the  enzyme  remained 
active  without  appreciable  loss  of  activity  for  2  weeks.  After 
fractionation  with  (NH^^SO^  and  Sephadex  G-50  column  chromato¬ 
graphy  the  partially  purified  enzyme  in  0.05  M  Tris-acetate  buffer 
(pH  6.0)  was  completely  inactivated  when  stored  at  -15°C  for 
48  hours.  However,  after  (NH^^SO^  fractionation  and  Sephadex 
G-200  column  chromatography  the  partially  purified  enzyme  in 
0.05  M  Tris-HCl  (pH  7.8)  remained  active  for  2  weeks  when  stored 
at  4°C ,  but  lost  all  of  its  activity  if  stored  at  -15°C  for  one 
week. 

2 .  Effects  of  jgH 

The  relationship  between  pH  and  enzyme  activity  is  shown 
in  Figure  11.  The  enzyme  was  inactive  at  pH  below  4.5.  Maximum 
activity  was  observed  from  pH  6.8  to  8.5,  but  then  decreased  at 
higher  pH  values.  This  range  of  pH  for  optimal  enzyme  activity 
is  similar  to  that  for  the  mitochondrial  enzyme  of  beef  liver 
(Morino  and  Wada,  1963). 

3 .  Effects  of  Inhibitors  and  Activators 

Since  certain  sulfhydryl  reagents  were  inhibitory  to  the 
cytoplasmic  enzyme  these  reagents  were  also  tested  with  the 
particulate  aspartate  aminotransferase.  As  indicated  in  Table  12, 


Figure  11 


Effects  of  pH  on  particulate  aspartate  aminotrans¬ 
ferase  activity. 

Assay  conditions:  aliquots  of  the  enzyme  (0.14  mg 
protein)  were  pre-incubated  with  10  yg  of  pyridoxal 
phosphate,  40  ymoles  of  L-aspartate  and  133  y moles  of 
Tris-acetate  buffer  (pH  as  indicated)  at  37°C  for  10 
min.  10  ymoles  of  a-ketoglutarate  were  then  added  to 
initiate  the  reaction.  Each  pH  value  was  determined 
after  the  reaction  had  proceeded  for  3  min.  The  final 


volume  was  3  ml. 
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Table  12 

Effects  of  various  inhibitors  on  particulate 
aspartate  aminotransferase  activity 


Inhibitor  Concentration  (M)  Inhibition  (%) 


KCN 

3.3 

X 

10‘3 

100 

Isonicotinic  acid 
hydrazide 

3.3 

X 

10“3 

100 

Iodoacetate 

3.3 

X 

10’3 

40 

Iodoacetamide 

3.3 

X 

10"3 

40 

p-CMB 

1.9 

X 

io-4 

40 

Assay  conditions:  aliquots  of  the  enzyme  (0.05  mg  protein)  were 
pre-incubated  with  the  inhibitors  and  100  y moles  of  Tris-HCl  at 
37  C  for  10  min.  40  y moles  of  L-aspartate  were  then  added  and  the 
mixture  incubated  for  a  further  10  min.  at  37  C.  After  this,  10 
ymoles  of  a  -ketoglutarate  were  added  to  initiate  the  reaction. 
Final  volume,  3  ml;  final  pH,  8.0. 
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iodoacetate,  iodoacetamide  and  p-CMB  inhibited  enzyme  activity  by  407o. 
In  addition,  KCN  and  isonicotinic  acid  hydrazide  at  concentrations  of 
3.3  x  10  JM  completely  inhibited  the  reaction.’  As  in  the  case  with  the 
cytoplasmic  enzyme  the  particulate  aminotransferase  was  stimulated  by 
MnCl2  ,  CaCl2  and  MgCl2-  Monovalent  cations  such  as  Na+,  K+,  and  NH4+ 
had  no  effect  (Table  13).  Pyridoxal  phosphate  was  omitted  from  these 
reaction  mixtures  for  the  reasons  given  earlier. 

In  common  with  the  cytoplasmic  enzyme,  the  particulate  amino¬ 
transferase  was  also  inhibited  by  high  concentrations  of  oxaloacetate 
(Figure  12).  However,  unlike  the  cytoplasmic  enzyme,  the  particulate 
aspartate  aminotransferase  was  not  inhibited  by  a-ketoglutarate ,  even 
at  concentration  of  6.7  x  10  M. 

4 .  Michaelis  Constants 

The  apparent  Michaelis  constants  for  the  four  substrates  were 
determined  from  Lineweaver-Burk  plots  and  from  the  slope  term.  These 
data  are  shown  in  Table  14.  The  particulate  aminotransferase  displayed 
a  higher  apparent  affinity  for  the  keto  acids  than  the  amino  acids. 
Similar  data  was  obtained  for  the  cytoplasmic  enzyme  (Table  9).  Both 
enzymes  appeared  to  have  a  greater  apparent  affinity  for  oxaloacetate 
than  for  a-ketoglutarate. 

5.  Double  Peciprocol  Plots  of  Initial  Reaction  Velocities  as  A 
Function  of  One  Substrate  Concentration  at  Fixed  Concentrations 


of  the  Second  Substrate 
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Table  13 

Effects  of  various  cations  on  particulate 
aspartate  aminotransferase  activity 


Addition 

Final 

concentration 

(M) 

Enzyme  activity 
(  y mole  OAA/min) 

none 

0.05 

CaCl2 

3.3 

X 

10"3 

0.08 

MgCl2 

3.3 

X 

10"3 

0.06 

MnCl2 

3.3 

X 

10"3 

0.14 

NaCl 

3.3 

X 

10"3 

0.05 

KCl 

3.3 

X 

10“3 

0.05 

NH4C1 

3.3 

X 

i—* 

o 

1 

u> 

0.05 

Assay  conditions:  aliquots  of  the  enzyme  (0.05  mg  protein)  were  pre¬ 
incubated  with  100  y moles  of  Tris-HCl,  40  y moles  of  L-aspartate  and 
the  cation  at  37°C  for  10  min.  10  ymoles  of  a-ketoglutarate  were 
then  added  to  initiate  the  reaction.  Final  volume,  3  ml;  final  pH, 
8.0. 


Figure  12 

Effects  of  varying  oxaloacetate  concentrations  on 
particulate  aspartate  aminotransferase  activity. 

Assay  conditions:  samples  of  the  enzyme  (0.08  mg 
protein)  were  pre- incubated  with  lOOymoles  of  Tris- 
HCl  (pH  8.0)  and  40  ymoles  of  L-glutamate  at  37°C  for 
10  min.  Oxaloacetate  was  then  added  to  initiate  the 
reaction.  The  reference  cuvette  contained  all  of 
these  components  with  the  exception  of  oxaloacetate 
which  was  replaced  by  distilled  water.  The  final 
volume  was  3  ml  and  the  final  pH  was  8.0. 
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Table  14 

Michaelis  constants  for  the  substrates  of  the  particulate  aspartate  aminotransferase 
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When  the  reciprocals  of  initial  velocities  were  plotted  against 
the  reciprocals  of  substrate  concentration  at  fixed  concentrations  of 
the  second  substrate  (Figure  13,  14,  15  and  16)  parallel  lines  were 
obtained.  These  results  are,  therefore,  indicative  of  a  binary 
mechanism  for  the  reaction  catalyzed  by  the  particulate  enzyme. 

The  enzyme  showed  a  lower  apparent  affinity  for  L-aspartate, 
oxaloacetate  and  a -ketoglutarate  when  the  fixed  concentrations  of 
a-ketoglutarate ,  L-gluamate  and  L-asparate,  respectively  were  increased 
(Figures  13,  14,  15  and  16).  However,  where  L-glutamate  concentra¬ 
tions  were  varied  increases  in  the  fixed  oxaloacetate  concentration 
increased  the  apparent  affinity  of  the  enzyme  for  L-glutamate  (Figure 

15).  The  reason  for  such  an  effect  is  that  oxaloacetate,  at  a  concent- 

-4 

ration  of  5  x  10  M  was  found  to  be  inhibitory. 

Heterogeneity  of  the  1Q,0D0  x  g  Preparations 

The  twice  washed  10,000  x  g  preparations  were  examined  under  the 
electron  microscope  after  negative  staining  with  phosphotungstic 
acid.  Scanning  of  these  preparations  under  the  electron  microscope 
revealed  particles  resembling  mitochondria  and  other  subcellular 
bodies.  Unfortunately  clear  photographs  of  these  particles  were  not 
obtained  despite  several  exposures  at  different  magnifications. 

The  heterogeneous  nature  of  the  preparation  was  also 
evident  after  centrifugation  on  a  sucrose  density  gradient.  A  dis¬ 
continuous  sucrose  gradient  consisting  of  5  ml  of  60%,  10  ml  of  45%  and 
15  ml  of  32%  was  used.  Aliquots  of  the  10/000  x  g  fraction,  con¬ 
taining  -approximately  25  mg  of  protein,  were  carefully  layered  onto 
the  gradient  and  centrifuged  at  46,000  x  g  for  4  hr.  in  an 


Figure  13 

Double  reciprocal  plot  of  initial  reaction  velocities 
versus  a -ketoglutarate  concentration  at  two  fixed 
concentrations  of  aspartate. 

Assay  conditions:  aliquots  of  the  particulate  enzyme 
(0.1  mg  protein)  were  pre-incubated  for  10  min  at  37°C 
with  100  y moles  of  Tris-HCl  (pH  8.0)  and  a  fixed  con¬ 
centration  of  L-aspartate  as  indicated.  Various  con¬ 
centrations  of  a -ketoglutarate  were  added  to  initiate 
the  reaction.  The  final  volume  was  3  ml  and  the  final 


pH  was  8.0. 
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Figure  14 

Double  reciprocal  plot  of  initial  reaction  velocities 
versus  oxaloacetate  concentration  at  two  fixed  concen¬ 
trations  of  glutamate. 

Assay  conditions:  aliquots  of  the  particulate  enzyme 
(0 . 1  mg  protein)  were  pre- incubated  for  10  min  at  37°C 
with  lOOymoles  of  Tris-HCl  (pH  8.0)  and  a  fixed  concen¬ 
tration  of  L-glutamate  as  indicated.  Various  concentra¬ 
tions  of  oxaloacetate  were  added  to  initiate  the  reaction. 
The  final  volume  was  3  ml  and  the  final  pH  was  8.0. 
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Figure  15 

Double  reciprocal  plot  of  initial  reaction  velocities 
versus  glutamate  concentration  at  two  fixed  concentra¬ 
tions  of  oxaloacetate . 

Assay  condition:  aliquots  of  the  particulate  enzyme 
(O.lmg  protein)  were  pre- incubated  for  10  min  at  37°C 
with  100  y  moles  of  Tris-HCl  (pH  8.0)  and  various  con¬ 
centrations  of  L-glutamate  as  indicated.  Oxaloacetate 
was  then  added  to  give  a  final  concentration  of  1.7  x 
10"^  M  and  5.0  x  10"^  M  as  indicated.  The  final  volume 
was  3  ml  and  the  final  pH  was  8.0. 
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Figure  16 

Double  reciprocal  plot  of  initial  reaction  velocities 
versus  aspartate  concentration  at  two  fixed  concentra¬ 
tions  of  a -ketoglutarate . 

Assay  conditions:  aliquots  of  the  particulate  enzyme 
(0.1  mg  protein)  were  pre- incubated  for  10  min  at  37°C 
with  100  y moles  of  Tris-HCl  (pH  8.0)  and  various  con¬ 
centrations  of  L-aspartate  as  indicated.  a -Ketoglut¬ 
arate  was  then  added  to  give  a  final  concentration  of 
1.7  x  10”3  M  or  6.7  x  10"3  M  as  indicated.  The  final 


volume  was  3  ml  and  the  final  pH  was  8.0. 
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International  refrigerated  centrifuge  (model  B-20).  After  such 
treatment  four  distinct  bands  of  material  were  observed  (Figure  17). 
The  contents  of  each  band  were  then  carefully  removed  by  suction.  The 
four  samples  collected  in  this  manner  were  then  assayed  for  aspartate 
aminotransferase  activity  after  being  suspended  in  the  pre-incubation 
reaction  mixture  for  30  min.  at  37°C  as  described  in  the  Materials  and 
Methods  section.  Enzyme  activity  was  observed  in  material  collected 


from  bands  A  and  D. 
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A 

B 


C 


D 


Figure  17 


Sucrose  density  gradient  pattern  of  crude 
10,000  x  g  fraction. 


Samples  of  the  10,000  x  g  fraction  were 
fuged  on  a  sucrose  density  gradient  and 
for  aspartate  aminotransferase  activity 


centri- 

assayed 

as 


described  on  page  80  . 
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GENERAL  DISCUSSION 

Although  much  of  the  experimental  data  has  been  discussed  in 
the  appropriate  section  of  this  thesis,  the  present  section  is  devoted 
to  a  broader  discussion  of  the  enzyme  and  its  possible  involvement  in 
the  nitrogen  metabolism  of  plant  tissues. 

Evidence  for  Cytoplasmic  and  Particulate  Aspartate 

Amino  tra  ns  f  erase. 

The  present  investigation  has  indicated  that  aspartate  amino¬ 
transferase  activity  is  present  in  both  cytoplasmic  fraction  and  the 
10,000  x  g  fraction  of  germinating  pea  cotyledons.  Although  the  10,000  x  g 
fraction  was  not  characterized,  the  speed  at  which  the  fraction  was 
sedimented  from  the  isotonic  medium  is  in  the  range  used  by  other 
workers  for  the  isolation  of  plant  mitochondria  (Ikuma  and  Bonner, 

1967;  Olson  and  Spencer,  1967;  Stinson  and  Spencer,  1967).  On  the 
basis  of  electron  microscopy  and  sucrose  density  gradient  studies  it 
is  clear  that  this  aminotransferase  may  be  associated  with  more  than 
Qflg  type  of  subcellular  particle  in  pea  cotyledons .  Alternatively  ami- 
no transferase  activity  may  be  associated  with  particles  having  similar 
morphological  characteristics  but  which  show  different  degree.-)  of  sedi 
mentation  on  the  sucrose  density  gradients  used  in  this  study.  Further 
studies  will  have  to  be  conducted  in  order  to  determine  the  morpholo¬ 
gical  and  biochemical  nature  of  these  particles.  Since  completion  of 
the  present  work  several  reports  have  appeared  describing  similar 
heterogeneity  of  mitochondrial  preparations  (Breidenbach  and  Beevers , 

1967;  Yamasaki  and  Tolbert,  1968).  It  is  clear  from  these  latest 
studies  that  mitochondria,  peroxisomes  and  glyoxysomes  have 
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characteristic  enzymes  and  by  implication  have  distinct  metabolic 
roles  in  the  tissues  in  which  they  occur . 

Although  the  particulate  fraction  was  not  purified  it  is 
unlikely  that  the  presence  of  aspartate  aminotransferase  activity 
in  this  fraction  was  simply  due  to  contamination  from  the  cyto¬ 
plasmic  enzyme.  Support  for  this  conclusion  comes  from  a  consider¬ 
ation  of  the  methods  used  to  prepare  the  particulate  fraction,  to 
extract  enzyme  activity  from  it  and  a  comparison  of  the  kinetic 
properties  of  the  two  enzymes. 

When  the  twice-washed  10,000  x  g  fraction  was  suspended  in 
the  wash  medium  and  an  aliquot  of  this  was  assayed,  very  little 
enzyme  activity  was  detected  even  after  three  minutes  of  reaction. 
However,  if  the  particulate  fraction  was  suspended  in  0.05  M  Tris- 
HCl  and  then,  assayed,  enzyme  activity  was  recorded.  Furthermore, 
the  increase  in  enzyme  activity  after  high  speed  blending  and 
sonication,  also,  the  solubilization  of  the  enzyme  after  deoxychol- 
ate  treatment,  indicate  that  the  enzyme  must,  be  membrane  bound. 

A  notable  difference  between  the  cytoplasmic  enzyme  and  the 
particulate  enzyme  was  their  stability  under  similar  experimental 
conditions.  The  cytoplasmic  aminotransferase  was  exceedingly  stable 
whereas  the  particulate  aminotransferase  was  relatively  unstable. 

It  is  possible  that  the  extraction  of  the  particulate  enzyme  from 
its  associated  membranes  results  in  enzyme  molecules  which  are 
rapidly  denatured  in  solution. 
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The  two  aspartate  aminotransferases  in  pea  cotyledons  also 
differ  in  certain  of  their  kinetic  properties.  As  illustrated  in  Fig¬ 
ures  5  and  11,  the  two  enzymes  are  affected  by  pH  in  a  somewhat  differ¬ 
ent  way.  These  differences  are  also  characteristic  of  the  cytoplasmic 
and  mitochondrial  aminotransferases  of  beef  liver.  This  difference  may 
be  related  to  structural  differences  in  the  protein  molecules. 

On  the  basis  of  the  Michaelis  constants  the  decreasing  order 
of  affinity  for  the  two  aspartate  aminotransferases  was  found  to  be 
oxaloacetate ,  a-  ketoglutarate ,  aspartate  and  glutamate.  This  is 
similar  to  that  displayed  by  the  enzymes  from  beef  liver  (Morino, 

Itoh  and  Wada ,  1963).  However,  when  comparing  the  apparent  affinity 
for  each  substrate  the  notable  difference  between  the  two  enzymes 
is  their  affinity  for  aspartic  and  glutamic  acids.  The  cytoplasmic 
enzyme  has  a  higher  apparent  affinity  for  the  two  amino  acids  than 
does  the  particulate  enzyme.  Although  the  cytoplasmic  and  the 
particulate  enzymes  displayed  different  affinities  for  the  4  sub¬ 
strates  these  differences  are  very  small.  Henson  and  Cleland  (1964) 
arrived  at  the  same  conclusion  from  their  studies  on  the  aspartate 
aminotransferase  isoenzymes  from  pig  heart. 

The  experiments  summarized  in  Figures  6  and  12  show  that  at 
high  oxaloacetate  concentrations  both  enzymes  were  inhibited.  In 
addition  the  cytoplasmic  aspartate  aminotransferase  was  inhibited 
by  high  concentrations  of  a-  ketoglutarate  .  This  keto  acid  did  not 
inhibit  the  particulate  enzyme  at  a  comparable  concentration.  As 
suggested  for  the  mammlian  enzyme  (Velick  and  Vavra,  1962)  the  two 
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keto  acids  must  form  abortive  complexes  with  the  cytoplasmic  enzyme, 
thereby  inhibiting  enzyme  activity.  Such  inhibitory  effects  have 
been  interpreted  as  indicating  that  the  substrates  occupy  the  same 
catalytic  site  one  at  a  time  in  sequence.  The  inhibitory  effect 
of  high  oxaloacetate  and  a-  ketoglutarate  concentrations  has  also 
been  observed  in  studies  with  an  aspartate  aminotransferase  purified 
from  cauliflower  by  Davies  and  Ellis  (1961). 

Recent  work  by  Bhargava  and  Sreenivasan  (1968)  on  the  mito¬ 
chondrial  aspartate  aminotransferases  of  rat  liver  have  drawn 
attention  to  the  existence  of  two  forms  of.  this  enzyme.  They  found 
that  considerable  enzyme  activity  was  only  released  when  mitochon¬ 
drial  preparations  were  treated  with  n-butanol.  This  released  acti¬ 
vity  had  an  electrophoretic  mobility  which  was  distinct  from  that 
shown  by  enzyme  protein  released  from  the  mitochondria  by  ultrasonic 
treatment.  These  workers  concluded  that  the  two  forms  of  aspartate 
aminotransferase  are  probably  proteins  having  different  degrees  of 
membrane  binding.  Although  this  point  was  not  examined  extensively 
in  the  present  work  some  evidence  for  differences  in  release  of 
enzyme  activity  from  the  particulate  fraction  were  observed  (Page 
49).  For  example  when  the  particulate  fraction  was  suspended  in  0.05  M 
Tris-HCl  (pH  7.8)  for  15  hr.  at  4°C  some  enzyme  activity  was  solubilized 
but  considerable  amounts  of  activity  were  still  associated  with 
material  sedimented  at  30,000  x  g.  This  latter  activity  could  be 
released  only  partially  by  a  subsequent  ultrasonic  treatment  but  more 
extensively  by  treatment  with  deoxycholate .  Clearly  extensive  studies 
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are  required  on  these  fractions  before  they  can  be  characterized  as  mito¬ 
chondrial  isoenzymes. 

Metabolic  Significance  of  Aspartate  Aminotransferase 

Studies  with  germinating  pea  cotyledons  (Larson  and  Beevers, 

1965)  indicated  that  while  the  protein  content  declined,  there  was  a 
concomitant  increase  in  free  amino  acids.  During  these  early  stages 
of  germination  the  predominant  amino  acids  were  glutamate  and  homo¬ 
serine.  The  aspartic  acid  content  showed  a  small  increase.  From 
these  studies  it  can  be  concluded  that  the  increase  in  free  amino  acid 
content  is  mainly  due  to  the  hydrolysis  of  storage  protein. 

Studies  with  labeled  glutamate  (Larson  and  Beevers,  1965) 

showed  that  this  amino  acid  was  incorporated  into  homoserine  in  germ¬ 
inating  pea  cotyledons.  The  ^C- glutamate  appeared  to  be  deaminated 
giving  rise  to  a -ketoglutarate  which  was  then  cycled  through  the  TCA 
cycle  with  the  production  of  oxaloacetate .  This  oxaloacetate  would 
then  be  transaminated  resulting  in  the  labeling  of  aspartic  acid 
which  would  give  rise  to  labeled  homoserine.  In  this  connection 
aspartate  aminotransferase  could  be  of  importance  in  the  transamina¬ 
tion  of  oxaloacetate. 

In  the  majority  of  plant  tissues  the  main  source  of  nitrogen 
is  nitrate.  However  before  this  nitrate  can  be  utilized  it  must  be 
reduced  to  ammonia.  The  sequence  of  reactions  involved  in  such  a 
reduction  is  not  clearly  established,  but  it  appears  that  nitrate  is 
reduced  to  nitrite  and  finally  to  ammonia  by  a  pathway  involving  post¬ 
ulated  intermediates.  It  is  now  known  that  the  reductive  amination  of 
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a -ketoglutaric  acid  followed  by  transamination  reactions  is  the  major 
pathway  for  the  synthesis  of  several  amino  acids  in  plants.  In  this 
connection,  the  TCA  cycle  plays  an  important  role  in  supplying 
a-ketoglutarate  for  the  amination  reaction.  As  glutamic  acid  is  a 
well  known  reactant  in  many  different  reactions  (Fowden,  1965)  it  is 
clear  that  this  amino  acid  is  important  for  the  synthesis  of  many 
different  amino  acids.  Thus  glutamate  dehydrogenase  occupies  a  central 
position  in  the  nitrogen  metabolism  of  plant  tissues  undergoing  growth. 
In  pea  cotyledons  on  the  other  hand  where  mobilization  of  storage 
reserves  is  prominent,  glutamate  dehydrogenase  is  apparently  of  less 
importance  as  compared  to  the  major  roles  assumed  by  various  amino¬ 
transferases.  These  enzymes  would  be  active  in  catalyzing  extensive 
interconversion  of  protein  amino  acids  and  would  also  produce  keto 
acids.  The  latter  compounds  would  then  be  utilized  through  established 
pathways  of  intermediary  metabolism. 

In  pea  seedlings  carbon  dioxide  fixation  has  been  shown  to 
occur  in  both  the  cytoplasmic  and  the  mitochondrial  fractions  (Mazelis 
and  Vennesland,  1957),  The  amount  of  oxaloacetate  produced  in  the 
mitochondria  could  control  the  operation  of  the  TCA  cycle.  It  is  known 
that  high  concentrations  of  oxaloacetate  in  mammalian  and  plant  mito¬ 
chondria  will  inhibit  succinate  oxidation  (Lehninger ,  1965;  Bone  and 
Fowden,  1960).  However  mitochondrial  oxaloacetate  could  be  removed  by 
the  operation  of  the  cycle  and  by  transamination  with  glutamate.  The 
presence  of  aspartate  aminotransferase  in  the  mitochondria  would 
suggest  a  possible  role  for  this  enzyme  in  the  removal  of  oxaloacetate. 
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Such  a  role  had  been  proposed  for  the  aspartate  aminotransferase  of 
rat  liver  mitochondria  (Lardy,  Paetkau  and  Walter,  1965).  This  pos 
sibility  directs  attention  to  many  interesting  areas  for  further 
research . 
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